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ABSTRACT 
 

Collecting undisturbed soil sample is essential to determine the engineering properties 

like shear strength and compressibility of cohesive soil. However, it is always challenging 

to collect soil samples in undisturbed condition from a significant depth below the 

existing ground surface. Reconstituted samples can be prepared using disturbed samples 

collected from the similar depth and could provide an insight on the shear strength and 

compressibility behavior of cohesive soil. Limited research have been carried out on 

preparation of reconstituted soil cake in the laboratory that could simulate better in-situ 

condition. The purpose of this study is to address this particular issue.  

A modified oedometer mould was designed and fabricated to prepare the reconstituted 

soil cakes. Soil slurries were prepared mixing natural clay powder thoroughly with 

desired proportions of sand or bentonite clay (as an admixture) and water (near to liquid 

limit). A number of soil specimens (soil cakes) with varying liquid limits was prepared. 

The soil slurry was placed in the oedometer mould and consolidation pressure near to 

effective stresses similar to field condition was applied in stages. The soil cakes thus 

prepared were used as test specimens for one dimensional consolidation and direct shear 

tests. Strength and compressibility parameters were thus determined.  

The shear strength and consolidation parameters obtained from these test results were 

compared to those of undisturbed samples as well as established relationships from the 

literature. The results were in good agreement. The approach proposed in this study can 

be used to assess the shear strength and compressibility parameters of insitu clay soil. For 

assessing effect of degree of saturation, unconfined compression tests have been 

conducted for changed degree of saturations (70, 80, 85, 90, 95 and 100%). The undrained 

shear strength of soil increases with decreasing saturation for soil having liquid limit 

above 40%. Soil having liquid limit below 25%, effect of saturation on undrained shear 

strength was insignificant. For investigation of thixotropic aging, test specimens were 

prepared and preserved in a desiccator without any moisture loss. Direct shear, 

unconfined compression and consolidation tests have been conducted at 1, 7, 14, 21, 28, 

35 and 42 days after the preparation of specimens as per ASTM test standards. The 

thixotropic aging of soil was found to be 28 to 35 days for soil having liquid limit above 

40%. 
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 Chapter 1  

INTRODUCTION 

 

1.1 General 
 

Shear strength and compressibility are main concerns of geotechnical engineers for 

designing foundation of buildings, bridges, pavements or dam structures. Compressibility 

influences the volume change behavior and shear stress affects the stability of a soil mass 

(Uddin, 1990). Those parameters are estimated either form results of in situ or laboratory 

testing. Both procedures involve collection of undisturbed soil sample beneath the ground 

but it is always difficult. A number of factors might affects behaviour of undisturbed soil 

sample (e.g. moisture content, soil disturbance, degree of saturation, preconsolidation 

pressure, void ratio and others basic engineering properties) (Yoshida et al., 1991; Hight, 

1992; Siddique and Clayton, 1998; Rahman, 2000). In addition to that natural intact soils 

are seldom uniform due to complex geological conditions in the field acted upon them. 

As such, from the test result on the samples collected from the field, it is rather difficult 

to study specific effects on soil properties due to disturbance (Siddique et al., 2000). In 

literature, many studies had been reported on ascertain such behavior of clay soil through 

reconstituted soil samples (Burland, 1990). Because, it has been considered essential to 

use uniform reconstituted samples prepared under controlled conditions in the laboratory. 

Reconstituted samples are those, which are prepared by breaking down natural soils, 

mixing as slurry and reconsolidating them. Reconstituted samples enable to establish a 

general pattern of behaviour (Jardine, 1985). The major advantages of using data from 

reconstituted soils are that the ambiguous and substantial effects of sample in 

homogeneity can be eliminated while representing composition of insitu soils. However, 

the study relating shear strength and compressibility characteristics of reconstituted soil 

sample are very few, especially in soil of Bangladesh. Thus it is felt that a comprehensive 

research work should be carried out on this important aspects of Soil Mechanics. 

 

1.2 Present State of the Problem and Proposed Study 
 

Designing foundations for any structure such as buildings, bridges, road embankments or 

dams on clay depends on the shear strength and compressibility characteristics of clay. 

Undisturbed (UD) soil samples need to be collected from site and tested in the laboratory 
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to obtain shear and consolidation parameters. Collecting and transporting UD soil samples 

are always challenging, cumbersome and costly. Samples are often subjected to some 

disturbance during transportation and extraction. During sampling, a clay soil is disturbed 

in two major ways. Firstly, mechanical disturbance caused when sampler is pushed into 

the soil. This disturbance is termed as tube penetration or tube sampling disturbance. 

Secondly, disturbance is caused by the release of the total in situ stress after the soil has 

been sampled. Such a disturbance is called "perfect" sampling disturbance (Siddique and 

Sarker, 1996; Siddique et al., 2000). To overcome the above-mentioned problem, concept 

of reconstituted (RC) soil sample was introduced in the past to simulate the behavior of 

normally consolidated clay samples. RC samples were used to assess the influence of soil 

structure on mechanical behaviour of natural sedimentary clays (e.g., Nagaraj and 

Murthy, 1986; Burland, 1990; Hong and Tsuchida, 1999; Liu and Carter, 1999; Chandler, 

2000; Cotecchia and Chandler, 2000).  

 

The most widely referenced paper, Burland (1990) summarized all research works that 

had been completed up to 1990 pertinent to the shear strength and compressibility of 

reconstituted soil. He claimed that many of the theories in the modern soil mechanics 

were developed based on the results of several comprehensive studies on natural soils or 

artificial materials (reconstituted soil) such as kaolinite and illite. But, quality of a 

reconstituted soil sample is greatly influenced by the method of sample preparation and 

size of the mould used (i.e., the mould diameter). A number of studies was recently 

completed (e.g., Cerato and Lutenegger, 2004; Yin and Miao, 2015; Shi and Herle, 2015), 

where advanced setups for the preparation of RC soil samples were discussed. However, 

these setups are expensive.  

 

Research so far done with clay of Bangladesh is mostly oriented with strength and 

compressibility characteristics of reconstituted Dhaka clay. Some of these are: stress-

strain behavior of micaceous clay and structure of compacted clay (Ali, 1980); 

deformation characteristics and geotechnical properties of Dhaka Clay (Ameen, 1985); 

permeability and consolidation characteristics of normally consolidated clays (Siddique, 

1986); analysis and design of plain and jacketed stone column in Clays (Alamgir, 1989); 

compressibility and shear strength of remolded Dhaka clay (Uddin, 1990); Sarker (1994) 

investigated the effects of tube and "perfect" sampling disturbance on the undrained shear 

behaviour of normally consolidated reconstituted soft Dhaka clay while Farooq (1995) 
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investigated the influence of tube and "perfect" sampling on the undrained shear 

behaviour of three normally consolidated reconstituted soft coastal soils. Investigations 

on the effect of the design parameters of tube samplers (e.g., area ratio, external diameter 

to thickness ratio and outside cutting edge of sampler) on the laboratory measured soil 

parameters have also been conducted for normally consolidated reconstituted soft Dhaka 

clay and soft coastal soils (Sarker, 1994; Farooq, 1995; Siddique and Sarker, 1996) and 

strength and deformation anisotropy of clays (Islam, 1999; Hoque and Islam, 2000). 

 

Review of literature reveals that a limited research has been carried out to investigate the 

shear strength and compressibility characteristics of reconstituted soil that could attain 

the field condition. The present study introduces a simplified sample preparation 

procedure, which can be successfully used to prepare reconstituted clay samples. The 

shear and compressive characteristics of these samples are discussed and compared to the 

behavior of undisturbed samples as well as established relationships.  Attempt has been 

made to establish a correlations between shear strength and compressibility parameters 

with index properties of soil. The present research also aims to assess the 

influence of degree of saturation and thixotropic aging effects on both shear strength and 

compressibility characteristics of reconstituted soil.  

 

1.3 Objectives of the Study 
 

The specific objectives of this study are: 

(i)   To develop a simple method for preparation of reconstituted clay samples. 

(ii) To determine the compressibility (compression index) and shear strength (angle of 

internal friction) properties of reconstituted and undisturbed clays. 

(iii) To compare the properties of the reconstituted clays with those of undisturbed clays. 

(iv) To develop correlations between compressibility and shear strength parameters with 

index properties of reconstituted clays. 

1.4   Organization of Thesis  
 

The present study is presented in this thesis in a number of chapters. The contents of each 

chapter are outlined as under: 
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Chapter One describes the background of this study, objectives, methodology of the 

research.  

Chapter Two includes the literatures regarding the concept of reconstituted soil. It reports 

the essential laboratory studies of different properties of reconstituted soil. Previous 

research work and traditional practices for preparation of reconstituted soil have been 

discussed. Some practical applications of reconstituted soil in finding relationship 

between compressibility and shear strength have also been discussed in this chapter. 

Chapter Three focuses on the laboratory investigations carried out in the present study. 

The fabrication of mould, investigation of different properties of soil and methodology of 

this research have been discussed.  

Chapter Four focuses mainly on the outcome of this research that is the results for 

different soil parameters. Comparisons were also shown with the results of the previous 

investigations. 

Chapter Five presents the major findings and conclusions of the present investigation. 

Recommendations for future research are also made in this chapter. 
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Chapter 2 

LITERATURE REVIEW 

 

2.1 General 

The mechanical behaviour of undisturbed soils typically encountered in geotechnical 

engineering applications is relatively well understood and documented throughout the 

literature. However, considerably less is known about the behaviour of reconstituted soil 

of these soils. The objective of this chapter is to review the available literatures critically 

related to reconstituted soil. Although the research work aims to focus on shear strength 

and compressibility characteristics of reconstituted clays. It covers the literature related 

to preparation method and testing of reconstituted clay. The stress-strain-strength 

characteristics of reconstituted clays have also been incorporated. Effect of degree of 

saturation on undrained shear strength, thixotropic aging of reconstituted clays are also 

described in this chapter. 

2.2 Reconstituted Soil 

Reconstituted soil are those, which are prepared by breaking down natural soils, mixing 

with water as slurry and reconsolidating them. Burland (1990) explained the reconstituted 

soil as having an initial water content between liquid limit and 1.5 times of liquid limit. 

Burland (1990) also stated much of modern soil mechanics has developed from the results 

of careful, comprehensive studies of the properties of remoulded or reconstituted soils or 

artificial materials such as kaolinite or illite. The compressibility and strength 

characteristics of reconstituted clays are used as a basic frame of reference for interpreting 

the corresponding characteristics of natural sedimentary clays. Leroueil et al. (1985) 

define four states of structure: intact, destructured, remoulded and resedimented. A close 

examination of their definitions indicates that ‘reconstituted’ is a fifth important state of 

structure used by Burland (1990). But natural soils differ from reconstituted soils in a 

number of important ways. These differences stem from the influence of micro and macro 

structure. Following Mitchell (1976) the term ‘structure’ means the combination of 

‘fabric’ (arrangement of particles) and inter-particle ‘bonding.’ It has been well accepted 

that the structure is formed during their depositional and the post depositional processes, 

where complicated impacts such as mechanical, chemical and biological factors are 

brought into action.  
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2.3 Preparation of Reconstituted Soil 

Many researchers (e.g., Nagaraj and Murthy, 1986; Burland, 1990; Hong and Tsuchida, 

1999; Liu and Carter, 1999; Chandler, 2000) devoted themselves in acquiring the essential 

knowledge for the better understanding about reconstituted soil properties experimentally. 

The following sections will go through the notable research associated with the 

development of experimental works on reconstituted soil. Efficient investigation on 

reconstituted clay requires good understanding of various aspects related to preparation 

of sample, compressibility and strength behavior of reconstituted soil. To investigate 

compressibility and shear strength, soil sample preparation a great concern. Liu et al. 

(2016) described a variety of reconstituted soil preparation techniques had been 

developed to prepare specimens in the laboratory. These methods include: 

(i)   Moist tamping (Compaction),  

(ii)  Water pluviation,  

(iii) Air pluviation,  

(iv) Slurry deposition, and  

(v)  Slurry consolidation 
 

The water pluviation and air pluviation are usually used to simulate the natural deposition 

process of soils through water and wind-blown Aeolian deposits (Kuerbis and Vaid, 

1988), while the soil particles are easily segregated for both of the two methods. Yin and 

Miao (2015) stated that preparation of reconstituted soil sample mainly could be done in 

two different ways, i.e.,  
 

(i)  Preparation by Compaction method and 

(ii) Preparation by Consolidation of slurry 

2.3.1 Preparation by compaction method 

Compaction methods had been traditionally developed to allow reconstitution of 

specimens (Mulilis et al., 1977; Frost and Park, 2003; Yin and Miao, 2015). In this test 

method, Standard test procedures followed by ASTM could be carried out to obtain the 

maximum dry density and optimum water content. After getting the value of moisture 

content, soil samples were then mixed at optimum water content and cured for a certain 

period of time. The samples were compacted in the compaction mould with standard 

compaction energy with a metal hammer in certain layers. Then the compacted soil were 

ejected from the mould by applying load. Compacted soil were trimmed into standard 
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specimen and used for further parameter studied. The limitation of this method is lower 

portion of the specimen becoming denser than the desired density (Mulilis et al., 1977), 

although the method is capable of controlling the global density easily, especially for the 

loose specimens. Sridharan and Gurtug (2005) used ‘compacted and saturated soil’ to 

characterize the compressibility behaviour with effective pressure by two parameters is 

better than a single parameter. Dong et al. (2009) studied on analytical methods of 

strength for deep soils, direct shear tests were carried out to investigate the shear strength 

of deep reconstituted soils at different initial dry densities and amounts of water.  

2.3.2 Preparation by consolidation of slurry 

Slurry consolidation methods have been widely used to reconstitute predominantly fine - 

grained soil specimens. Natural dry soil powder were thoroughly mixed with water 

respective to their liquid limit or higher than liquid limit (Burland, 1990).  Slurry were 

consolidated to applying external load on it. The specimen was then taken out from the 

consolidation ring by a thin wall sampler. It was trimmed and shaped for oedometer test 

or shear test. Slurry consolidation method were prepared specimens for studying the pore 

pressure and stability model of silt clay under repeated loading. Yasuhara et al. (2003) 

was investigated the post cyclic degradation characteristics of strength and stiffness of 

low plasticity silt specimens. Wang et al. (2011) have developed a new slurry 

consolidation approach for low-plasticity silt, and the uniformity of the specimens was 

assessed by measuring the water content and grain size distribution throughout the 

specimens.  

Jung et al. (2012) were compared the stress-strain responses of natural compressible 

Chicago glacial clay with that of the specimens prepared using the slurry consolidation 

method. However, the uniformity of the specimens were reasonably homogeneous and 

reproducible. Le et al. (2015) were prepared test specimens in the Rowe cell to study the 

impact of the thickness of the soil deposition on long term settlement pattern as well as 

the response of the excess pore water pressure of soft clay. They concluded that the 

sample thickness has a significant influence on the long term settlement pattern and excess 

pore water pressure dissipation period. As can be seen from the published literatures, the 

slurry consolidation method is a preferred technique to reconstitute slit or clay specimens. 

However, most of the methods proposed in the published literatures can only prepare one 
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or minority specimens in a single preparation, which is not suitable for our subsequent 

testing process. 

2.4 Test of Reconstituted Soil  

The compressibility and shear strength properties of soil always affect the design on the 

construction. A large number of laboratory tests were performed by several researchers 

to investigate various parameters on reconstituted soil (Tiwari and Ajmera, 2011; Tiwari, 

2012; Hong et al., 2012). This laboratory tests provide a useful framework for comparing 

and relating the behavioral characteristics of reconstituted soils. It helps to develop the 

correlation between compressibility, shear strength and index properties (Sridharan and 

Nagaraj, 2000; Hong et al., 2013; Shi and Herle, 2015). The laboratory tests performed 

by the researchers can be divided into two categories:  

(i)  Shear strength characteristics, and  

(ii) Compressibility characteristics of reconstituted soil.  

2.4.1 Shear strength characteristics 

Shear strength of a soil mass governs the criterion of load carrying capacity (Das, 1983). 

Soil strength is the resistance developed from a combination of particle rolling, sliding 

and crushing and is reduced by any excess pore pressure which develops during particle 

movement (Uddin, 1990). For rapid construction involving saturated cohesive soils, the 

appropriate strength to use in a total stress stability analysis is the in-situ undrained shear 

strength, su (Das, 1983). In other case, the undrained shear strength is that corresponding 

to soil which has been consolidated (or partially consolidated) under the stresses existing 

just prior to superimposing the additiona1 load. Another important study for slow 

construction or progressive failure in stability problems, stability of old landslide, 

assessment of drained shear strength of cohesive soil are importance in geotechnical 

engineer (Das, 1983).  

This review covers the theoretical background of the shear strength behavior of saturated 

clays, both undrained and drained conditions. The stress-strain-strength characteristics of 

reconstituted soil have been categorized by: 

(i)  Assessment of undrained shear strength, and 

(ii) Assessment of drained shear strength  
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2.4.1.1 Assessment of undrained shear strength  

The immediate or undrained settlement is referred to as elastic settlement. The immediate 

or undrained settlement occurs without sufficient dissipation of excess pore water 

pressure due to sudden application of load (Das, 1983).  Undrained settlement is closely 

related to the undrained stability of foundation. It is very important on foundation design. 

In undrained analysis, the shear strength controlling stability is the in-situ undrained shear 

strength, su that existed prior to construction. Undrained behavior of cohesive soil can 

assess in conducting unconfined compression tests (UC-tests) or consolidated-undrained 

tests (CU-tests). It is generally assumed that the change in total stresses during 

construction does not affect the in-situ undrained shear strength. There is no drainage and 

hence no change in shear strength. The analysis is called ". = 0" analysis since there is no 

change in strength with the change in total stress (Skempton, 1948). For Saturated 

cohesive soil, the deviator stress at failure, qf
  and shear strength is su = qf/2 in unconfined 

compression test. 

Ameen (1985) investigated the undrained shear strength and stiffness characteristics of 

isotropically and K0-consolidated reconstituted Dhaka clay (LL= 44, PI= 21). Ameen 

(1985) reported that the undrained strength ratio (su

σv
/ ) of isotropically consolidated Dhaka 

clay ranged from 0.31 to 1.56 for overconsolidation ratios of 1 to 9, while the value of 

(su

σv
/ ) for K0-consolidated Dhaka clay varied from 0.19 to 2.7 for overconsolidation ratios 

of 1 to 24. Uddin (1990) investigated the undrained shear strength, compressibility and 

expansibility of reconstituted Dhaka clay (LL= 43, PI= 20). It was found that stress-strain 

curve for normally consolidated reconstituted Dhaka clay tested to undrained 

compression showed no defined peak. It was found that for both isotropically 

consolidated and K0-consolidated, normalized Young’s Modulus increases with 

increasing OCR. Islam (1999) investigated the strength and deformation anisotropy of 

Dhaka clay (LL= 46, PI= 19). The existence of strength anisotropy was clearly noticeable 

in reconstituted compacted Dhaka clay irrespective of moulding moisture content and 

compaction effort. The coefficient of anisotropy, defined as the ratio of strength of vertical 

specimen to that of a horizontal specimen, was varied from 0.75 to 1.25 in unconfined 

compression and unconsolidated direct shear tests, while it was between 0.6 and 1.08 in 

unconsolidated direct shear tests on soaked samples. It was found that unconfined 
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compressive strength is maximum for the horizontal specimen, while it is minimum for 

the vertical specimen. 

Hong et al. (2006a) investigated macro-behavior analysis of reconstituted soil in terms of 

compressibility and strength conducting oedometer and tri-axial consolidated undrained 

shear tests. It has been also reported that the mechanical behavior of the remolded–

reconsolidated sample is the same as that of the natural sample for a certain soil when the 

applied consolidation stress is larger than the preconsolidation stress. Hong et al. (2006b) 

and Yin and Miao (2013) conducted Tri-axial consolidation undrained shear tests on both 

undisturbed and reconstituted samples of natural silty clay to investigate their undrained 

shear strength characteristics. Test results revealed reconstituted and natural soil followed 

same trend line after post-yields phase. Figure 2.1 presents that addition of water to 

reconstituted and natural soil decreased the undrained shear strength. 

(a)  (b) 
Figure 2.1 Relationships of (a) water content and applied confining stress and (b)        

undrained shear strength and water content of undisturbed and reconstituted 
soil (after Hong et al., 2006b) 

Hong et al. (2010) studied suction pressure of fine grained soil using reconstituted soil. 

Fine grain soils may present an apparent “preconsolidation pressure” upon compression. 

This increase of apparent preconsolidation pressure due to suction or moisture tension 

increase is commonly observed on most unsaturated fine-grained soils. Obviously, this 

apparent “preconsolidation pressure”, called suction pressure. The compressibility 

dramatically increases from the pre-yield state to the post-yield state (i.e. the effective 

vertical stress is greater than the consolidation yield stress or suction pressure). The e-
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logσv´ compression curves with an inverse “S” shape can be well represented by two 

straight lines in the plot of log (1+e) or ln (1+e) against logσv´ or ln σv´. The effective 

vertical stress corresponding to the intersection point of the two straight lines is the 

consolidation yield stress. Several researchers verified the validity of the bilogarithmic 

method for undisturbed samples of natural soils. Hong et al. (2013) explained undrained 

strength ratio (Rsu) (undrained strength ratio defined as the ratio of the undrained shear 

strength to the isotropic consolidation stress) varies with water content (w0) within a wide 

spectrum, ranging from 0.28 to 0.60 for the three reconstituted clays investigated. The 

relationship between void index (Iv) and undrained strength (su) changes with Rsu. The 

relationship is shown in Figure 2.2. It becomes identical to the intrinsic strength line 

proposed by Chandler when Rsu 0.33. It is also evidenced from the laboratory tests that 

the value of su depends on both the water content and the liquid limit. Burland (1990) 

introduced an ‘Intrinsic Compression Line’ (ICL), which is derived by plotting the void 

index (Iv) against vertical stress in a semi-log plane to study the compression behaviour 

of reconstituted clays. The void index (Iv) used in the intrinsic concept is defined as 

follows:  

Iv =
e −    e100

∗

e100
∗ −    e1000

∗ = e −    e100
∗

Cc
∗                            (2.1) 

Where, e100
∗  and e1000

∗   are the void ratios of reconstituted clays at effective vertical stress 

of 100 and 1000 kPa respectively, e and Cc
∗ represents void ratio and intrinsic compression 

index. 

Thompson et al. (2015) studied a comparison of fully softened strength measurements by 

direct shear, torsional ring shear, and consolidated-undrained triaxial test. The variation 

of test result were as shown in Figure 2.3. Failure points from the shear and triaxial 

compression testing at normal stress up to 8 ksf are summarized in Figure 2.3. A nonlinear 

envelope was fit to the data, producing a relationship defined by parameters a and b equal 

to 0.41 and 0.85 respectively. For the range of plasticity of soils (LL=55 to 78%, PI= 41 

to 63%), the empirical correlation by Gamez and Stark (2014) predict a from 0.42 to 0.47 

with b equal to 0.87. The correlation by Castellanos et al. (2016) predicts a from 0.37 to 

0.47 with b from 0.77 to 0.79. the fully softened shear strength measurements for 

Beaumont clay indicate the a parameter being better predicted by the Castellanos et al. 

(2016) relationship, whereas b is better predicted by Gamez and Stark (2014).  
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Figure 2.2 Variation of void index with undrained shear strength (after Hong, 2010) 

 

Figure 2.3 Comparison of angle of friction between drained ring test and direct shear test 

(after Thompson et al., 2015) 

Dev et al. (2016) studied that the angle of internal friction obtained from triaxial test is 

about 2–8° higher than that obtained from direct shear tests, for the fine grained soils. The 

likely reason is attributed to the presence of plate shaped clay sized particles through 
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experiments carried out on sand mixed with plastic discs. To name a few, a summary of 

some of these study are provided in Table 2.1. 

Table 2.1 Summary of undrained shear strength conducted on reconstituted soil 

References Parameter 
Studied Remarks 

Kumar and Muir (1999) Su
∗ , w, CF, LL Variation of liquid limit with clay 

content and undrained shear strength 
Hong et al. (2006b); Yin  
and Miao (2013) 

Su
∗ ,, w, pc

′  Undrained shear strength decrease 
with increasing water content  

Hong et al. (2013) Rsu
∗ , Su

∗ , w, Iv Relation between shear strength and 
void index  

Thompson et al. (2015) Su
∗ ,, S, w, e Undrained strength is product of e and 

√𝑆 
Shi and Herle (2015) Su

∗ ,, w, Ic, w, eo 
, σs

′  
Remoulded shear strength can be also 
normalized with the liquid limit or the 
consistency index 

Note: Su
∗  = Intrinsic Shear Strength; w= Water Content; CF= Clay Fraction; LL=liquid 

Limit; Rsu
∗ = Shear Strength Ratio; pc

′ =Preconsolidation Pressure; Iv = Void Index. 

2.4.1.2 Assessment of drained shear strength 

The maximum shear strength of a soil mass at in-situ situation is known as the peak shear 

strength. This strength depends on the previous stress histories as well as other 

geotechnical properties of the soil mass. When the soil mass is reconstituted at a moisture 

content equal to or greater than the liquid limit and tested for shear strength measurement, 

the peak shear strength of such remolded specimen is known as the fully softened shear 

strength (Skempton, 1977; Tiwari and Ajmera, 2011). Skempton (1970) proposed fully 

softened shear strength as peak strength of the soil in its normally consolidated states as 

shown in Figure 2.4. Burland (1990) also referred to the fully softened shear strength as 

“intrinsic shear strength”. Under the fully softened shear strength conditions the soil mass 

does not show any effects of the previous stress histories. The stability of first time slides 

should be evaluated using this shear strength.  

Tiwari et al. (2005) studied on mineralogical composition, measured with x-ray 

diffraction for soil specimens collected from more than 80 natural disaster areas, show 

smectite, kaolinite, mica, feldspar, and quartz as major constituent minerals. Based on the 

results of more than 35 mixtures of smectite, kaolinite, and quartz in different proportions, 

a new correlation method was proposed for estimation of the residual friction angle with   
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Figure 2.4 Comparison of peak, fully softened and residual shear strength (after 
Skempton, 1970) 

the proportion of the minerals. The mineralogical compositions of the natural samples 

were used to estimate the residual friction angle based on the proposed triangular model. 

Though determination of residual shear strength is not aim in this study but some 

experimental graph is helpful to understand the behavior of fully softened shear strength. 

The estimation results are as shown in Figure 2.5(a-c). The test result found that PI also 

gives relatively narrow ranges of correlation bands with residual friction angle for the 

known mineralogical composition, it is always worth comparing the estimated residual 

friction angle based on the proposed methodology with the correlation for PI. 

Dong et al. (2009) referred the larger the amount of water having more weakened the 

friction between particles. Voids between coarse and fine particles become gradually 

filled with water and the sliding trend is enhanced for the friction, when fine particles 

become weak, which causes an obvious decrease in shear strength. Pillai (2010) explained 

shear strength behavior with different microfabric behavior by carrying out triaxial and 

direct shear tests under drained and undrained conditions. The variation of angle is found 

less than 10 in both flocculated and dispersed samples. Tiwari and Ajmera (2011) studied 

mixing various proportions of montmorillonite, kaolinite and quartz, 36 different soil 

specimens were prepared and reconstituted at moisture contents equal to the 

corresponding liquid limits. The proportion of montmorillonite, even as little as 15%, was 

very sensitive to increase the liquid limit as well as the plasticity index and reduce the 

fully softened shear strength of a soil mass. 
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(a) 

(b) 
 

(c) 
Figure 2.5 Variartion of residual angle of friction with (a) liquid limit (b) clay fraction 

(c) plasticity index (after Tiwari, 2005) 
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Roy and Dass (2014) conducted direct shear test at 10 location to determine shear strength 

parameter i.e., (cohesion and frictional angle). Test results found cohesion and angle of 

friction solely depends on specific gravity and bulk density. Wong and Ong (2015) 

studied Reconstituted Malaysian kaolinite of high plasticity silts (MH) with varying clay 

contents were used to investigate the transitional behavior of silts at low PI. He established 

a relationship between angle of friction from CU tests and Atterberg limits for MH silts.  

Previous research regarding internal angle of friction are summarized in Table 2.2.   

Table 2.2 Summary of drained shear strength related research carried out of reconstituted 
soil 

References Parameter 
Studied 

Remarks 

Dong et al. (2009) ϕ, ρ Development of angle of friction and 
density 

Pillai et al. (2010) ϕ
CD

, LL Assessment of difference behavior to 
different in particle arrangement 

Tiwari and Ajmera (2011) ϕ, LL, PI, CF Development of  correlation between 
shear strength and index properties 
of clay mixtures 

Wong  and Ong (2015) ϕ, LL Development of angle of friction and 
atterberg limits 

Dev et al. (2016) ϕ
CD

, ϕ
DSS

, PI Comparison of angle in DSS and CD 
test 

Note: ϕ=Friction Angle; LL=Liquid Limit; CF= Clay Fraction; PI= Plasticity Index; 
ρ=Density 

2.4.2 Compressibility characteristics 

The one dimensional oedometer test is usually used to determine the compressibility 

characteristics of soils.  Compression index, Cc and coefficient of consolidation, Cv are 

the important parameters. The compression index is used to predict the settlement and the 

coefficient of consolidation is a rate parameter used to predict the amount of compression 

to take place of clay (Das, 1983).  

However, oedometer test requires undisturbed soil samples. This tests are quite time-

consuming and expensive. For this reason, previous researchers established correlation 

between compressibility parameters with index properties. Different researchers have 

used various parameters including liquid limit (LL), natural moisture content (wn), initial 

void ratio, (eo), porosity, (no) and plasticity index (PI) to find compression index. The 

first well known correlation was presented by Skempton (1944). Skempton (1944) tested 
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on some remoulded soil having liquid limit range from 30 to 40 for sandy clay and silts, 

40 to 80 for normal clay and more than 100 for organic soils or highly colloidal clay. 

Other subsequent correlations are presented in Table 2.3.  
 

Table 2.3 Correlation equations of compression index  
 

References Parameter Studied Applicability 
Skempton (1944) Cc = 0.007 (LL − 10) All Remoulded clay, LL 

range 28 to 128 
Nishida (1956) Cc = 0.54 (e0 − 0.35) All kind of undisturbed 

clays 
Hough (1957) Cc = 0.29(e0 −   0.27) Inorganic soils 
Nishida (1957) Cc = 1.15 (e − e0) All clays 
Cozzolino (1961) Cc = 0.0046 (LL − 9) Brazilian Clays 
Cozzolino (1961) Cc = 0.43 (e0 − 0.25) All clays 
Terzaghi and Peck (1967) Cc = 0.009 (LL − 10) Undisturbed clays 
Sowers (1970) Cc = 0.75(e0 −   0.50) Soils with low plasticity 
Nacci et al. (1975) Cc = 0.014PI + 0.02 All clays 
Azzouz et al. (1976) Cc = 0.006 (LL − 9) All clays with LL less than 

100 
Azzouz et al. (1976) Cc = 0.01(wn − 5) All clays with LL less than 

100 
Ogawa (1978) Cc = 0.015 (LL − 19) For clay soils 
Rendon- Herrero (1980) Cc = 0.3 (e0 − 0.27) 94 samples of American 

clays 
Herrero (1980) Cc = 0.5 [

γw

γd

]2.4 All soil types 

Koppula (1981) Cc = 0.01wn All clays 
Herrero (1983) Cc = 0.01(wn − 7.549) All clays 
Nagaraj and Murty (1985) Cc = 0.2343 ∗ LL ∗ Gs All clays 
Arora (1987) Cc = 0.0054 (2.6wo − 35) All clays 
Serajjudin (1987) Cc = 0.0102(wn − 9.15) 130 alluvial clay and silt in 

Bangladesh 
Bowles (1989) Cc = 0.208e0 + 0.0083 Chicago clays 
Bowles (1989) Cc = 0.156e0 + 0.0107 All clays 
Kulhawy and Mayne 
(1990) 

Cc = PI/74 Taking Gs = 2.7 for 
undisturbed clay 

Nagaraj and Miura (2001) Cc = 0.0103w0 All kind of undisturbed 
clays 

Nath and Dedalal (2004) Cc = 0.015PI − 0.0198 For remolded clay 
Park and Koumoto (2004) Cc =  

n0

371.747 − 4.275n0

 83 undisturbed clay 

Note: Cc= Compression Index; LL=Liquid Limit; CF= Clay Fraction; PI= Plasticity Index; 
eo = Initial void Ratio; n0= Porosity; wn= Natural Moisture Content; Gs= Specific Gravity; 
γd= Dry Density 
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Terzaghi and Peck (1967) established an empirical relationship for low to medium 

sensitivity clays (𝑆𝑡 ≤ 4). Skempton (1970) had established an important relationship 

natural void ratio (eo) to effective overburden pressure (Po) for natural sedimentary soils 

with wide range of liquid limits as shown in Figure 2.6. It is observed from the figure that 

the higher the liquid limit, the higher is the void ratio at any level of effective overburden 

pressure. Djoenaidi (1985) illustrates the correlation between compression indices with 

index properties of soil as shown in Figure 2.7.  

Figure 2.6 Relationship between void ratio, porosity and effective vertical stress of 
normally consolidated clays (after Skempton, 1970) 

Figure 2.7 Representative Cc relationships for cohesive soils (after Djoenaidi, 1985) 
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The test result obtained compression index and natural moisture content are more 

consistent than those cited between compression index and liquid limit or initial void 

ratio. Kulhawy and Mayne (1990) generalized agreement between the measured values 

of Cc and Cur varies with plasticity index as shown in Figure 2.8. Park and Koumoto (2004) 

proposed relationship between Cc /n0 and Cc for undisturbed Ariake clay with sensitivity. 

The range of sensitivity was in the range of 3.9 to 35.5. The test result was obtained a 

good correlation.  

Jain et al.  (2015) was conducted 44 laboratory consolidation tests of natural intact soil 

sample collected from different location to develop a correlation between compression 

index with plasticity index. More than 80% of the compression index could be predicted 

by PI. The limitations of this model was that it was applicable for the values of Cc in the 

range of 0 to 0.35 where as for the values of PI in the range of 5 to 3. The availability of 

so many equation suggests that none are completely satisfactory to generalize and 

correlate compressibility with the index or other properties. Because soils with the same 

liquid limit may have different plastic limit and shrinkage limits, thereby exhibiting 

different behavior. 

 

Figure 2.8 Compression index, swelling index and plasticity index relationship of clay 
(after Kulhawy and Mayne, 1990) 
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Undisturbed (UD) soil sample has to be collected and experimented to obtain 

consolidation parameters. Many researchers adopted reconstituted soil to find 

compressibility parameters of undisturbed soil. Because, the concept of reconstituted 

(RC) soil were adopted to assess the compression behavior especially of normally 

consolidated clay. Reconstituted clay was used to assess the effect of soil structure on 

mechanical behaviour of natural sedimentary clays (e.g., Nagaraj and Srinivasa, 1986; 

Burland, 1990; Hong and Tsuchida, 1999; Liu and Carter, 1999; Chandler, 2000; 

Cotecchia and Chandler, 2000). Compressibility of soil depends on applied stress on the 

soil mass. Natural clays generally have a compression curve (in terms of void ratio against 

effective vertical stress) lying above that of reconstituted clays. (e.g., Cotecchia and 

Chandler, 1997; Hong and Tsuchida, 1999; Hong et al., 2012).  

Siddique (1986) investigated the compressibility properties of reconstituted Dhaka clay 

(LL= 40, PI= 20). The values of compression index (Cc) and void ratio at 1 tsf vertical 

stress were found to be 0.28 and 0.84, respectively. He also reported coefficient of 

permeability values of reconstituted Dhaka clay. Coefficients of permeability of 

reconstituted Dhaka clay were determined directly from constant head permeability tests 

and indirectly from incremental loading one-dimensional consolidation tests. For 

normally consolidated Dhaka clay, coefficient of permeability (k) determined from 

constant head test varied between 0.74 x 10-10 and 7.35 x10-10 m/s for the void ratio and 

dry density of the samples in the range of 0.51 to 0.84 and 14.2 to 17.4 kN/m3, 

respectively. It was found that the values of the coefficient of permeability determined 

from the constant head test are higher than those found from consolidation test. Void 

ratio-permeability relationship for Dhaka clay was also investigated by Siddique and 

Safiullah (1995). It was found that permeability decreased with decreasing void ratio and 

that e -logk relationships are non-linear.  

Compression curves of both natural clays and reconstituted clays follow the same trend 

line. This trend line is called intrinsic compression line (ICL). The compression curves of 

reconstituted clays presented are plotted in Figure 2.9 using the intrinsic framework. The 

‘intrinsic concept’ was first termed by Burland (1990) for correlating the inherent 

compression curves of reconstituted clays. It was widely used afterwards by other 

researchers to present the compression behaviour of clays. Burland (1990) introduced an 

‘Intrinsic Compression Line’ (ICL), which is derived by plotting the void index (Iv) 
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against vertical stress in a semi-log plane to study the compression behaviour of 

reconstituted clays.  

Figure 2.9 Normalized compression curves in Iv - logσv
′  (after Burland, 1990) 

Burland (1990) also proposed a polynomial equation to express the unique intrinsic 

compression line (ICL) in terms of effective vertical consolidation stress at a range of 

liquid limits varying widely between 25 and 128%. Where, σv
′  is the effective vertical 

stress in kPa and Iv is void index in percent,  

Iv = 2.45 − 1.285 (logσv
′ ) + 0.015 (logσv

′ )3                    (2.2)  

Based on the results of the studies conducted up to 1990, Burland (1990) also 

recommended reconstituting the soil with an initial moisture content in the range of 1.0 

to 1.5 (preferably 1.25) times the liquid limit to study the consolidation behavior of the 

soil sample. Based on the results, Sridharan and Nagaraj (2000) investigated on 10 soils 

covering a sufficiently wide range of liquid limit, plastic limit and shrinkage limit. The 

test result found that the correlation between compression indexes with shrinkage index 

were good agreement better than the plasticity index or liquids limit. Wide variation was 

found with the liquid limit. The correlation is shown in Figure 2.10. It is found form the 

results that in the absence of plasticity index, shrinkage index can be used to predict to 

the compressibility characteristics of reconstituted soil. Shrinkage index is the subtraction 

of liquid limit and shrinkage limit.  
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Figure 2.10 Relationship of compression index and shrinkage index (after Sridharan 
and Nagaraj, 2000) 

Cerato and Lutenegger (2004) studied compression behavior both of natural intact and 

reconstituted soil. The void ratio of both natural intact soil and reconstituted sample at 

individual incremental loading should vary due to the initial water content; the higher the 

initial water content, the higher the initial void ratio. Here, initial void ratio was 

normalized by the void ratio at the liquid limit with effective vertical pressure as shown 

in Figure 2.11 for natural intact soil and Figure 2.12 for reconstituted soil. It was found 

that both natural and reconstituted soil showed same behavior depending on initial water 

content. The test result found that clay mineralogy and subsequently the corresponding 

soil properties (i.e., liquid limit, activity, cation exchange capacity, CEC and specific 

surface area, SSA) might influence the degree to which the initial water content affects 

the compression curve of a remolded soil and intrinsic compressibility. Montmorillonite 

clay appeared to be less affected than kaolinite and illitic clays. Based on the intrinsic 

compressibility test results obtained, it appeared that the value of e100* of a soil is 

dependent on the initial water content of a reconstituted soil sample. Results from the 

literature suggested that for a given clay the initial water content affects the position of 

the intrinsic compression line curve.   



  

23 
 

 

Figure 2.11 Void ratio – effective vertical pressure relationship of natural soil (after 
Cearto and Lutenegger, 2004) 

 

Figure 2.12 Void ratio – effective vertical pressure relationship of reconstituted soil (after 
Cearto and Lutenegger, 2004) 
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Hong et al. (2010) invesgated reconstituted soil having different initial water content, 

effective pressures less than about 100 kPa the compression curves for each soil diverged 

but for effective pressure greater than 100 kPa, the differences were less as shown in 

Figure 2.13.  This finding was inconsistent with Cearto and Lutenegger (2004). 

 

Figure 2.13 Void ratio – effective vertical pressure relationship of reconstituted soil (after 
Hong et al., 2010) 

 

Hong et al. (2012) described remolded yield stress which was intercept of log (1+e) and 

logp on both natural and reconstituted soil. The test was classified into three regime, pre-

yield, transitional and post-yield regime depending on remolded yield stress. It was found 

that natural clays in the post-transitional regime and reconstituted clays when the effective 

stress exceeded the remolded yield stress (post-transitional regime), the compression 

curves of both natural clays and reconstituted clays could be well normalized to a unique 

line. Hong (2012) also introduced void index (Ivn) and ICL for natural clay (Hama soil). 

The terms e100 and Cc  were introduced instead of e100
∗  and Cc

∗, and expressed as: 

Ivn =
e −  e100

e100 −    e1000
 =

e −  e100

Cc
                          (2.3) 

Where, e100 and e1000  are the void ratios of natural clays at effective vertical stress of 

100 and 1000 kPa respectively, e and Cc represents void ratio and compression index. It 
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could be seen that the relationship between the void index Ivn and the effective vertical 

stress for the six natural Ariake clays becomes a unique line when the effective vertical 

stress is higher than the consolidation yield stress. The equation for the ICL can be used 

for a range of stresses between 10 and 4000 kPa. Adopting this concept, Habibbeygi et 

al. (2017) studied ninety-two consolidation tests on reconstituted soil under various 

mineralogy and soil conditions. The test result was found a unique point. This unique 

point on the compression curve together with the point associated to a void ratio at 50 kPa 

were used to estimate the compression index of reconstituted soils. Test results published 

an equation to estimate the compression index as a function of consistency indexes of 

normally consolidated reconstituted clays. 

Cc = 0.0173wL − 0.0216wP                       (2.4) 

Where, Cc, wL and wP represents compression index, liquid limit and plastic limit 

respectively. Habibbeygi et al. (2017) also studied that consolidation stress at the plastic 

limit can be assumed to be about 125 times greater (i.e. 800 kPa) than the correlated 

consolidation stress at the liquid limit. Many researchers have proposed empirical 

relationships for a broad range of reconstituted soil and sample conditions to predict soil 

compressibility using the previously-mentioned geotechnical parameters. To name a few, 

a summary of some of these study are provided in Table 2.4. 

Table 2.4 Summary of consolidation test studied on reconstituted soil 
 

References 
Parameter 

Studied Remarks 

Sridharan and Nagaraj (2000) Cc
∗, Is Compression index is faction of 

shrinkage index 

Sridharan and Gurtug (2005) Cc
∗, e Compression index determination using 

two (a and b) parameter 

Cerato and Lutenegger (2004) Cc
∗, e Influence of initial water content for 

determining compression index 
Hong et al. (2010) σs

′ ,e, Cc
∗ Correlation of Suction pressure and ratio 

of initial void ratio to void ratio at liquid 
limit. 

Hong et al. (2012) 
Cc

∗, e, e1, 
Iv, σvy

′  

Beyond remolded yield stress, the 
compression curves of both natural clays 
and reconstituted clays can be well 
normalized to a unique line 

Note: Cc
∗= Intrinsic Compression Index; e= Void Ratio; Is= Shrinkage Limit; Iv=Void 

Ratio; σs
′ = Suction Pressure; σvy

′ = Remolded Yield Stress. 
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2.5 Effect of Degree of Saturation on Undrained Shear Strength of Reconstituted 
Clays 

Degree of saturation is a very important parameter for determining of undrained shear 

strength of cohesive soil. When extracting a clay sample from a certain depth below the 

water table, negative water pressure/suction builds up inside the sample due to stress 

releasing (Skempton and Sowa, 1963). The sampling-induced suction could desaturate 

the soil sample, affecting the soil shear strength as unconfined compression strength, UCS 

(Li et al., 2013). However, the effect of degree of saturation/ suction of soil shear strength   

has been mostly investigated for reconstituted/compacted soils. The influence of 

suction/degree of saturation on UCS of natural soils has been scarcely reported in 

literature. This is probably due to the difficulty of discerning this influence with the 

well-known variability of natural soils in terms of mineralogy and density. But from a 

practical point of view, developing a method to discern the effect of degree of 

saturation on the mechanical behaviour as UCS of natural soils is of great importance. 

Skempton and Northey (1952) studied on remolded undrained shear strength, sensitivity 

and liquidity index relationship for different types of clays. The test results obtained as 

shown in Figure 2.14.  

Figure 2.14 Remolded undrained shear strength, sensitivity and liquidity index 
relationship (after Skempton and Northey, 1952) 
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Yoshida et al. (1991) studied effects of saturation ratio on the undrained strength of partly 

saturated soils. Those soil were collected from several sites of landslides triggered by 

heavy rainfall. Samples were compacted to in-situ densities with different saturation 

ratios. Series of triaxial compression test were conducted on silty clay with a varying 

degree of saturation from 12 to 100%. The difference in shear strength behavior was most 

remarkable for the change of degree of saturation from 80% to 100%. The tests results 

showed that the angle of internal friction and cohesion tend to decrease significantly with 

increasing saturation ratio. The test result was shown in Figure 2.15. 

Figure 2.15 Variation of degree of saturation with internal angle of friction (after 
Yoshida et al., 1991)  

Phanikumar and Amrutha (2013) studied on effect of degree of saturation on 

consolidation settlement of a normally consolidated clay. Remoulded clay samples were 

prepared from oven-dry fraction passing 425 µm sieve. The density of the samples was 

kept constant at 13 kN/m3. Degree of saturation was varied at 25%, 50%, 75% and 100%. 

The surcharge on the samples (overburden in the case of field clay layer) was varied as 

25 kPa, 50 kPa and 100 kPa. Compressibility characteristics such as initial compression 

under the applied surcharge (overburden), rebound upon removal of surcharge and 

recompression were studied through one-dimensional consolidation tests. 

Compressibility increased with increasing degree of saturation for a given vertical 

pressure though all the samples had the same as-compacted void ratio. Coefficient of 
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compressibility (av) and coefficient of volume compressibility (mv) increased with 

increasing S% up to S% = 75%, and thereafter they decreased when S% was increased to 

100%.  

Zhang et al. (2018) studied on effect of degree of saturation on the soil mechanical 

behaviour. Nine boreholes of stiff clays were taken from different depths. The unconfined 

compressive strength (UCS) was determined for soils at different depths. A first analysis 

showed that there was no well-established relationship between UCS and Sr. From the 

test results, the water retention property and compression behaviour were further 

investigated to determine the main air entry value (AEV) and the over consolidation ratio 

(OCR). Soil microstructures were observed through mercury intrusion porosimetry 

(MIP). The test result found that degree of saturation has a significant effect on 

unconfined compression strength only when the soil suction is beyond the main air entry 

value, UCS being rather controlled by soil dry density at lower suctions. 

2.6 Thixotropic Aging of Reconstituted Clay 

Thixotropy describe an isothermal, reversible, time dependent process where soil gain 

strength over period of time during shear and softens upon remolding (Mitchell, 1960; 

Barnes, 1997). Precursors has led to the appearance of thixotropy in a widening range of 

situations, quite apart from its presence in systems long known to display the 

phenomenon. Difficulties then arise in mixing and handling these materials because 

thixotropic structures progressively break down on shearing and slowly rebuild at rest. 

The time-scales involved can range from many minutes in the case of break down to m 

any hours in rebuilding (Barnes, 1997). 

Thixotropy has been deliberately built into products to make them usable by non-experts-

with the best-known example being thixotropic paints-however, as will be shown here, 

what is usually wanted in these cases is extreme shear-thinning. However the way in 

which this is brought about usually introduces thixotropy as well, which is then almost 

always an unwanted nuisance. However the phenomena still has to be understood, and 

hence the need for an up-to-date review (e.g. Boswell, 1948; Skempton and Northey, 

1952; Barnes, 1997). It is a well-established fact that thixotropy is more pronounced in 

systems containing non-spherical particles", this is obviously so because they have to find 

themselves in the best 3D structure by rotation as well as movement, and progress from a 
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solid gel to a freely flowing liquid due to complete microstructural breakdown shown in 

Figure 2.16 (Barnes, 1997). The conventional concept of thixotropy are also of great 

importance to the geotechnical investigation of compressibility and shear strength 

parameters. 

Figure 2.16 Breakdown of a 3D thixotropic structure (after Barnes, 1997) 

Skempton and Northey (1952) studied on shear strength of undisturbed or remolded clays. 

The test result found that thixotropy could account for low or medium sensitivity, but it 

appeared to be unable to account for high sensitivity. Both laboratory and field evidence 

showed that high sensitivity could be developed in marine or estuarine clays in which the 

original concentration of salt in the pore water had been reduced by leaching. Heavily 

over-consolidated clays, with water contents typically equal to about the plastic limit, 

were insensitive probably for the following reasons,  thixotropy was negligible at such 

water contents. 

Osipov et al. (1985) observed microstructural change associated with thixotropic 

phenomena in clay soils. SEM photographs were obtained microstructure during 

deformation of samples in a rotary viscometer with and without vibration. The test results 

found that soil microstructure was not ruptured by vibration during the shear process. On 

the contrary, it became more homogeneous over the entire volume and at the same time 

this induced a decrease in strength in the system due to a reduction in cohesion at contacts. 

Disruption of some structural bonds was followed by their rapid restoration--the overall 

microstructure remaining intact. 
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Woodcock (1985) seen in complex colloidal dispersions and derived a first-order 

thermodynamic phase transition between a normal shearing fluid and a partially ordered 

smectic phase. Al-Zoubi (2010) and Yin et al. (2014) studied on natural and dredged clays 

possess time-dependent behaviors. When the dredged clays with high initial moisture 

content were undisturbed, the mechanical behavior was subjected to thixotropic aging. 

Hence, it was rational to assume that the consolidation behavior was affected by the 

thixotropic aging. Seng and Tanaka (2012) concentrated on the thixotropic effect on shear 

modulus, and observed that the increment of shear modulus under secondary 

consolidation was lower than that developed during the thixotropic process. 

The thixotropic effects were incorporated by applying a time-dependent parameter 

proposed by Fakharian et al. (2013). It was observed that the consolidation effect and the 

thixotropic effect were in close agreement with the field test data, emphasizing the 

practical importance of the thixotropic phenomenon. Zhang et al. (2013) studied on micro 

compression testing of micron-sized saltwater individual kaolinite flocs with different 

ageing times of up to 152 days showed that the rearrangement of flaws or weak links 

towards a more uniform distribution was contributed to the thixotropic increased in floc 

mechanical properties. 

Seed and Chan (2014) had shown that compacted clays might also exhibit appreciable 

thixotropic strength gain with time. Very recently, the beneficial effect of thixotropy was 

explained by Farsakh et al. (2015), who noticed a significant discrepancy between the FE 

numerical simulation and the field test data while simulating a pile setup. They modeled 

a pile installation, using prescribed radial and vertical displacements on the nodes at the 

soil-pile interface, followed by vertical deformation to activate the interface friction of 

the soil pile. Shahriar (2015) studied on effect of initial moisture content thixotropic 

hardening. The test result found that initial moisture content less than liquid limit had 

significant effect on thixotropic hardening. He also studied at higher moisture contents 

the soil- water matrix became too liquefied to flocculate. After six days, the strength vs 

time curve became almost horizontal indicating no significant strength gain after six days’ 

rest period. Soil having the least activity had the highest strength gain tendency. Yang 

and Anderson (2016) indicated that the thixotropy strength ratio of marine clays had 

correlations with the following parameters: activity, plasticity index, liquidity index, 

sensitivity, and water content. Trend lines were given for the correlations between 
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thixotropy strength ratio and liquidity index, and between thixotropy 

strength ratio and water content.  

As a special rheological phenomenon, thixotropy has been observed in many geotechnical 

engineering fields. This phenomenon is commonly seen in relation to landslides, such as 

those in clayey rocks and clayey soils. Zhang et al. (2017) explained relationships between 

the generated energy (or force) and the distance of the particles under different conditions. 

Figure 2.17 shows energy-distance curves for thixotropic soil on undisturbed, remolded 

and rest condition. As shown in Fig. 2.17a, the balance of EA and ER of natural Zhanjiang 

clay was steady. At Figure 2.17b under disturbed conditions, an external energy would be 

imposed on the soil–water–electrolyte system. A high amount of energy would be needed 

to activate the particles to shift to a closer distance; as a result, the energy applied 

externally increased with the decreasing distance between the particles. The additional 

disturbed force possibly damaged the bond between soil particles and compelled the 

initial structure of the natural clay to translate from flocculated to disperse. The changes 

in the structure could be due to ET in the electrical double layer that promoted an increase 

in the repulsive force and induced the particles to disperse described (Figure 2.17c). 

Figure 2.17 Energy-distance curves for thixotropic soil (a) at initial condition, 
undisturbed (b) during remolding and (c) at rest condition in the thixotropy 
(after Mitchell, 1960; Zhang et al., 2017) 

Zhang et al. (2017) were conducted unconfined compressive strength and pocket 

penetrometer strength tests on reconstituted soil for determining thixotropic strength 
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recovery as shown in Figure 2.18. The result found that the changes in undrained strength 

of reconstituted clay as a function of time.  After 500d, the qu of the remolded clay was 

approximately 57.9 kPa, which increased by 2.48 times the initial disturbance value. The 

strength growth velocity gradually decreased with increasing time and then finally 

reached a stable state. 

 

 

 

 

 

  

 

 

Figure 2.18 Changes of thixotropic strength ratio with time (after Zhang et al., 2017) 

Shahriar et al. (2018) conducted 1-D consolidation test on slurry for finding consolidation 

yield stress. Test result found that consolidation yield stress were increasing with the 

increment of aged as shown in Figure 2.19. From the graph, the effective vertical stress 

exceeded the 40 kPa–100 kPa range, compressibility was not impacted by aging. Shahriar 

et al. (2018) also conducted fall cone and vane shear tests for measuring shear recovery. 

The yield stress developed in the thixotropically aged sample was higher than that of the 

unaged sample for the initial moisture content ranging from 0.55 to 1.25 times their 

respective liquid limits. It indicated that the sample might had swelled during the 

thixotropic aging period. Thixotropic aging was associated with particle reorientation and 

change of fabric from dispersed to flocculate. Bonding develops between particles, which 

eventually aided in the development of vertical yield stress in aged sample. Another test 

result found that the moisture content corresponding to the maximum thixotropic aging 

was close to 0.75 times of liquid limit for all samples. The thixotropic strength recovery 

was minimal at a moisture content of 0.55 times of liquid limit. The thixotropic strength 
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ratio was correlated with activity and the plasticity index.  It concluded that thixotropic 

strength recovery was dependent on them.  

Figure 2.19 log (1+e)-logσv′ curves of reconstituted soil (after Shahriar et al., 2018) 

 2.7 Concluding Remarks 

It can be summarized that the preparation of reconstituted clay plays a major role on its 

characteristics. A number of factors was highlighted in the literature that shows the 

behavioral change of reconstituted clay with the variation of basic physical and index 

properties. Hence, a simplified sample preparation procedure that can well accustom such 

behavior change should be implemented. Thus, prepared sample will address all variation 

of basic properties and will be used to assess the shear strength and compressibility 

characteristics of reconstituted clays. Effect of degree of saturation and thixotropic aging 

are another important design consideration that needs to be addressed. Reported literature 

on effect of degree of saturation on undrained shear strength and effect of thixotropic 

aging on compressibility and shear strength parameters are very few. Those 

considerations are useful as because in practice of geotechnical engineering. Many 

discussions arise on which shear strength and compressibility parameters will change. 

This thesis, as such, is intended to make a contribution to the assessment of shear strength 

and compressibility characteristics of reconstituted clays by conducting an extensive 

investigation on these issues. 
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Chapter 3 

TEST PROGRAMME AND PROCEDURES 

 

3.1 General  

From literature review, it is quite evident that many researches have been conducted 

laboratory experiment on reconstituted soil slurry to assess the shear strength and 

compressibility characteristics of reconstituted clays (Burland, 1990; Sridharan and 

Nagaraj, 2000; Hong et al., 2013; Shi and Herle, 2015). However, studies on reconstituted 

soil cake are limited compared to the reconstituted soil slurry. The present research is 

aimed to develop a simple method for preparation of reconstituted clay cake. The prepared 

soil cake will be used to evaluate appropriate geotechnical parameters so that these can 

be used to estimate and predict essential properties such as shear strength, compressibility, 

degree of saturation, thixotropic aging etc. The laboratory investigation programme and 

the test procedures followed are described in details in this chapter.  

3.2 Soil Sample Collection and Preparation 

Clays of Bangladesh are predominantly formed of illitic or chloritic minerals (Islam et 

al., 2002). There are three major geological formations in Bangladesh soil. These are: (i) 

tertiary hill sediments in the northern and eastern hills which cover 12% of the country 

having red color; (ii) the Madhupur clay of the Madhupur and Barind Tracts in the central 

area and the west which cover 8% of the country having red to brown color; and (iii) the 

recent alluvium in the floodplain and estuarine areas occupying the remainder of the 

country which cover 80% of the country having gray color (Haq and Shoaib, 2013). The 

floodplain that consists of 80% of the total land surface of Bangladesh.  

To conduct the present study, both undisturbed (UD) and disturbed soils were collected 

from three selected locations of Bangladesh. Clays collected from Dhaka Mirpur had red 

colour, samples collected from Narayanganj had grey colour and one brown soil sample 

were collected from Rajendrapur. Wash boring methodology was used to advance the 

boreholes and Shelby tube (undisturbed) samples were collected from above mentioned 

locations. The natural undisturbed clay was designated as DB100:0 (UD), NB100:0 (UD) 

and RB100:0 (UD). Initial letter designates location, the following numeric indicates 

percentage of insitu materials and two letters in the parenthesis gives the states of the soil 
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sample, such as undisturbed (UD), disturbed (D), and reconstituted (RC). For example, 

DB100:0 (UD) represents the sample was collected from Dhaka, contains 100 percent 

insitu soil and 0 percent bentonite in undisturbed condition. 

3.2.1 Reconstituted natural clay  

Representative and disturbed clay samples were collected from selected locations. The 

collected soil samples were naturally dried, grinded and sieved through 425 µm sieve to 

prepare soil powder, and used for the investigation. The reconstituted clay soil sample 

used in this study contained 93% to 96% fines passing through 75 µm (#200) sieve. 

Specific gravity (Gs) of the samples ranged from 2.65 to 2.67. A total number of six (6) 

liquid limit (LL) tests (2 tests for samples collected from each location), and six (6) plastic 

limit (PL) tests (2 tests for samples collected from each location) were conducted. Natural 

moisture contents (NMC) were also determined. Liquid limits obtained for the samples 

were ranged from 36% to 45% and natural moisture content varied from 22% to 29%. 

Clay fraction (CF) was varied from 11% to 25%. The reconstituted natural clay samples 

were described as DB100:0 (RC), NB100:0 (RC) and RB100:0 (RC).  DB100:0 (RC) 

represents sample having 100 percent Dhaka clay powder and 0 percent bentonite in 

reconstituted condition, alike all.  Physical and index properties of collected samples are 

presented in Table 3.1.  

Table 3.1 Physical and index properties of collected soil samples 

Soil site 
location Soil Type 𝐆𝐬 

% Finer 
(#200 
sieve) 

CF(%) NMC(%) LL(%) PL(%) 

Dhaka 
(Mirpur) 

Madhupur 
tract 2.66 93  22 29 43 28  

Narayanganj 

Brahmaputra 
and 
Gangetic 
alluvium  

2.67 95 11 22 36 22 

Rajendrapur Madhupur 
tract 2.65 96 25 25 45 25 

 

3.2.2 Reconstituted modified clay 

Generally, a single value of liquid limit, angle of friction and compression index can be 

obtained from one insitu sample. Hence, modified clay sample was prepared to obtain a 

wide range of liquid limit so that wide range of angle of friction and compression index 
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could be obtained. Modified clay was produced by mixing different proportion of fine 

sand and bentonite clay with natural powder clay. Here, Fine sand and bentonite used as 

an admixture which could decrease and increase the liquid limit of natural clay 

accordingly. Sandy soil was used to reduce the liquid limits of natural clay powder, and 

had particle specific gravity (Gs) ranging from 2.66 and 7 percent passing 75 µm. Fineness 

modulus (FM) of the soil was 1.39. It had D10, D30 and D60 value of 0.1427 mm, 0.2435 

mm and 0.3830 mm respectively. In this study, bentonite clay was also used to increase 

the liquid limit of natural clay powder. Specific gravity (Gs) and liquid limit (LL) of 

bentonite clay was ranged from 2.62 and 480% respectively. Physical and index 

properties of sand and bentonite are presented in Table 3.2.  

Table 3.2 Physical and index properties of sand and bentonite 

Material 𝐆𝐬 % Finer 
(#200 passing) 

LL(%) FM 

Sand 2.66 7 - 1.39 

Bentonite 2.62  100 480  - 

 

The proportion of fine sand used to produce the reconstituted modified clay and 

designated as DS75:25 and DS60:40. DS75:25 and DS60:40 represents 75% and 60% of 

Dhaka natural clay powder mixed with 25% and 40% of sand (by weight) respectively. 

Sample NS75:25, NS60:40, RS75:25 and RS60:40 can be described similarly. In this 

study, the proportion of bentonite used to produce reconstituted modified clay as 

DB70:30, DB80:20 and DB90:10 (for Dhaka soil) where DB70:30 represent D for Dhaka 

natural clay powder of 70% and B for bentonite of 30% mixture (by weight). DB80:20, 

DB90:10, NB70:30, NB80:20, NB90:10, RB70:30, RB80:20 and RB90:10 can be 

described similarly.  

Twenty (20) liquid limit and plastic limit tests (2 on each modified clay sample) were 

conducted. Physical and index properties of modified clays are also presented in Table 

3.3. Location of the soil sample (in Table 3.3) in Casagrande's plasticity chart is observed 

as shown in Figure 3.1. Majority of clay samples from S -1 and S- 3 type used in this 

study plotted nearly halfway between the A-line and U-line. S-3 type clay remained below 

A- Line. Mitchell and Soga (2005) reported if the Atterberg limits plot high above the A-

line, but near the U-line, the clay portion in the soil sample is determined to consist 



  

37 
 

predominantly of montmorillonite, which has an activity > 1.0. The illitic clays (activity: 

0.5–1.0) plotted right above the A-line, whereas the kaolinites (activity: 0.3–0.5) plotted 

below the A-line. In this present investigation, all activity of soil samples were prepared 

by mixing sand and bentonite with natural powder soil. Activity range was from 0.67 to 

2.5.  

Table 3.3 Physical and index properties of modified clays 

Sample 
ID CF(%) LL(%) PL(%) Sample 

ID CF(%) LL(%) PL(%) 

S-1 type clay NB70:30 42 120 61 

DB100:0 22 45 28 NS75:25 9 28 20 

DB90:10 32 65  33 NS60:40 7 21 17 

DB80:20 42 120 45 S-3 type clay 

DB70:30 52 145 52 RB100:0 26 41 22 

DS75:25 16 35 22 RB90:10 36 67 27 

DS60:40 13 26 15  RB80:20 46 105 30 

S-2 type clay RB70:30 56 130 47 

NB100:0 12 34  26.5 RS75:25 19 32 18 

NB90:10 22 61 42 RS60:40 16 25 12 

NB80:20 32 95 49 - - - - 

 

Figure 3.1 Casagrande’s PI-LL chart for classification of modified clays 
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3.3 Experimental Setup  

For a comparative study of shear strength and compressibility characteristics of 

reconstituted clays, a number of identical soil samples were required having same size 

and height. These were made from a soil cake obtained by consolidating a soil slurry. For 

soil slurry preparation, rotary mixer was used. The rotary blades of this machine ensured 

proper mixing of soil particles with water over a short period of time at the required 

moisture content. A mould/cell was needed for consolidating the soil slurry. From 

literature review, it revealed that Rowe cell was used for consolidating the soil slurry 

(Rowe, 1967). Large diameter Rowe type cell required completely new setups for 

consolidating the soil slurry. It requires additional financial support. There are also a 

number of disadvantages. Arrangement for loading may produce non-uniform pressure if 

the plate at the top of soil sample is not sufficiently rigid. The loading arrangement is 

clumsy or ill-contrived. If the top surface of the soil sample is uneven, then the imposed 

pressure may not be uniform over the entire area of the soil sample. So, lesser or even 

zero pressure might be exerted in the depressed zone. Above types of loading arrangement 

require continuous manual adjustment in order to maintain required pressure on the soil 

sample. 

To eliminate the disadvantages with the large diameter loading frame described above, a 

mould was fabricated with a diameter of 63.5 mm and a height of 125 mm. The 

dimensions of the mould was adjusted so that it could be used in a conventional 

consolidation (D =63.5 mm and H = 20 mm) apparatus for preparation of reconstituted 

clay cake. Appropriate height of the mould was considered to limit the spill of slurry. The 

soil cake was prepared for further geotechnical investigation. Lever arm for maintaining 

a loading ratio of 1:10 has been applied. This method, however, could not prepare large 

number of reconstituted soil samples due to the limitation of the dimensions of the loading 

mould. In addition, it is difficult to impose loads on clay samples at higher water contents. 

Top view and cross sectional view of modified oedometric consolidation ring is as shown 

in Figure 3.2. All the dimensions of the modified oedometric ring are given in millimeter. 

It can be seen that the new apparatus could provide uniform reconstituted clay samples. 

It could also shorten the preparing period due to the double-drainage boundary under 

loading. A suitable oedometer-based method for preparing reconstituted clay samples is 

proposed in this study. 
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Legend: (All dimension in mm)  
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Figure 3.2 Schematic diagram of modified oedometric consolidation ring 

3.4 Test Methodology  

Burland (1990) defined the reconstituted clay as having an initial water content between 

liquid limit and 1.5 times of liquid limit. In the present study, reconstituted natural clay 

and modified clay were used to prepare the reconstituted samples had initial water content 

equal to their respective liquid limits. Head (1992) suggested that if the test samples were 

reconstituted with high initial moisture content, a low vertical stress should be adopted to 

prevent the soil from squeezing through the space between the confining ring and the 

porous disk. Automatic data acquisition system was used for preparation of reconstituted 

soil cake. Test scheme in this study are presented in Table 3.4. A flow chart for the 

experimental program is shown in Figure 3.3. In this investigation, major tests carried out 

were drained direct shear test, unconfined compression test and one dimensional 

consolidation tests. Detail procedure of each test is described in the following sections. 
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Table 3.4 Test scheme for this study 
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D
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(S
-1

) 

Undisturbed(0%) DB100:0(UD) √ √ - - - - √ 

Disturbed (0%) DB100:0(RC) √ √ √ √ √ √ √ 

90%D+10%B DB90:10 √ √ √ √ √ √ - 

80%D+20%B DB80:20 √ √ - - - - - 

70%D+30%B DB70:30 √ √ 
- - - - - 

75%D+25%S DS75:25 √ √ - - - - - 

60%D+40%S DS60:40 √ √ √ √ √ √ - 

N
ar

ay
an

ga
nj

 C
la

y 
(S

-2
) 

Undisturbed(0%) NB100:0(UD) √ √ - - √ 

Disturbed (0%) NB100:0(RC) √ √ - - √ 

90%N+10%B NB90:10 √ √ - - - 

80%N+20%B NB80:20 √ √ - - - 

70%N+30%B NB70:30 √ √ - - - 

75%N+25%S NS75:25 √ √ - - - 

60%N+40%S NS60:40 √ √ - - - 

R
aj

en
dr

ap
ur

 C
la

y 
(S

-3
) 

Undisturbed(0%) RB100:0(UD) √ √ - - √ 

Disturbed (0%) RB100:0(RC) √ √ - - √ 

90%R+10%B RB90:10 √ √ - - - 

80%R+20%B RB80:20 √ √ - - - 

70%R+30%B RB70:30 √ √ - - - 

75%R+25%S RS75:25 √ √ - - - 

60%R+40%S RS60:40 √ √ - - - 

Note: DB=Dhaka soil with bentonite; DS=Dhaka soil with sand; NB= Narayanganj soil 
with bentonite; NS= Narayanganj soil with sand; RB= Rajendrapur soil with bentonite; 
RS= Rajendrapur soil with sand 
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Figure 3.3 Flow chart for test program 
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In this study, soil samples were prepared at 1st step applying vertical load ranging from 

6.5 kPa to 800 kPa. From the literature, initial void ratio of Dhaka undisturbed clay was 

in the range of 0.55 to 0.85 (Ameen, 1985; Uddin, 1990; Islam, 1999). Initial void ratio 

of reconstituted soil cake was in between 0.65 to 0.80 after applying 800 kPa vertical 

load. So, termination loading 800 kPa was adopted to attain field condition. Loading steps 

used for the reconstituted samples were 6.5, 12.5, 25, 50, 100, 200, 300, 400, 500, 600, 

700 and 800 kPa. Automatic data acquisition system was used to examine the completion 

of consoliation process at 800 kPa vertical load. After preparing soil cake following steps 

were adopted. 

3.4.1 Drained direct shear test 

The shear box was assembled with the frames aligned and locked in position. A light 

coating of greases between the frames ensured water tightness during consolidation and 

reduced friction during shear. The undisturbed and reconstituted soil cake was carefully 

inserted. The loading devices were connected and the displacement gauge was positioned 

for measuring shear and vertical displacement specimen. Initial thickness of the specimen 

was determined by using the first reading of vertical displacement gauge after positioning 

the upper plate of the shear box on the specimen. Then the locks, holding two parts of the 

shear box together, were unscrewed.  

For performing a direct shear drained test with the shear box, after applying the normal 

load, the specimen had been allowed to consolidate fully under the applied normal load 

before the shear displacement was applied to the soil. It took about 24 hours for 

consolidation. After the completion of consolidation, the specimen was sheared slowly in 

about to 2 to 3 hours so as to maintain drained shearing. The peck shear strength (fully 

soften shear strength) was taken to analysis the angle of friction.  After the completion of 

each test, measuring instruments were dissembled, shear box was unlocked so as to 

separate the two parts, and the specimen was retrieved. To determine the moisture content, 

the specimen was kept into the oven. The normal stress were applied at 100, 200 and 400 

kPa to measure the shear strength. A total twenty one (21) direct shear (DS) tests were 

performed for assessment of shear strength characteristics. Three (3) direct shear tests 

were conducted for undisturbed soil. The remaining eleven (18) direct shear tests were 

conducted on soil cakes of reconstituted modified clay (total 18 tests, 6 on each location).  
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3.4.2 One dimensional consolidation test 

One-dimensional consolidation tests were carried out on undisturbed and reconstituted 

soil cake. The sample ring was 63.5 mm internal diameter and 25.4 mm height. Porous 

stones were used to provide drainage from both top and bottom of the sample. The sample 

ring having internal surface covered with silicon grease was, gradually and in stages, 

pushed into the clay, which was continuously being trimmed away from the cutting edge 

of the ring with a knife. After trimming, the sample was weighed and then set up. The test 

was carried out in accordance with the procedure standardized in ASTM 2435 (2011). A 

stress increment ratio of 1 (i.e, a load ratio of 2) was used.  

The vertical consolidation stresses applied in steps (e.g., 25 kN/m2, 50 kN/m2, 100 kN/m2, 

200 kN/m2, 400 kN/m2, 800 kN/m2 and 1600 kN/m2). The samples were also allowed to 

swell under stresses of 400 kN/m2, 200 kN/m2 and 100 kN/m2. Duration of each loading 

step was approximately 24 hrs. The settlement was recorded by automatic data acquisition 

system at specified intervals of time after each load increment. A total of twenty one (21) 

consolidation (oedometer) tests were performed for assessment of compressibility 

characteristics. Three (3) tests were conducted on undisturbed soil. The remaining 

eighteen (18) tests were conducted on soil cakes of reconstituted modified clay (total 18 

tests, 6 on each location). To ensure the reproducibility of test results of reconstituted soil 

for both compression and shear behaviour, several repetition tests were also carried out. 

Test scheme used for assessment of shear strength and compressibility characteristics as 

outlined in Table 3.5. 

Table 3.5 Test scheme used for assessment of shear strength and compressibility 
characteristics   

1-D 
Consolidation 
Test 

Direct Shear 
Test 

Sample ID 

S - 1 S - 2 S - 3 

  DB100:0 NB100:0 RB100:0 

Test specimen 
(soil cake) 
consolidated at 
25-1600 kPa 

Test specimen 
(soil cake) 
shear at 100, 
200 and 400 
kPa 
respectively 

DB90:10 NB90:10 RB90:10 

DB80:20 NB80:20 RB80:20 

DB70:30 NB70:30 RB70:30 

DS75:25 NS75:25 RS75:25 

DS60:40 NS60:40 RS60:40 
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3.4.3 Degree of saturation on undrained shear strength 

Effect of degree of saturation on undrained shear strength was also investigated in this 

study. Here also, DB100:0, DB90:10 and DS60:40 clay mixtures were used. The test 

specimen was prepared from reconstituted soil cake after trimming to the required 

dimension (diameter of 38 mm and height of 76 mm). Test specimen were preserved in 

an air controlled desiccator. The loading device was adjusted carefully so that the upper 

plate just made contact with the specimen. Each sample was tested under strain controlled 

condition. During the progress of test, load was applied continuously and without shock 

at a deformation rate of approximately 0.5 millimeter per minute. The total load and 

corresponding deformations were recorded at sufficient intervals. The test was continued 

to failure or 20% axial strain of the specimen. 

Specimen with higher degree of saturation displayed large deformation. Brittle failure 

behaviour was noted with the decreasing degree of saturation. Porous stones and filter 

papers were used at both ends of all the specimen. The real time test observations were 

facilitated by the use of the fully automated data acquisition and display system aided to 

the all types of test specimen. For determination of effect of degree of saturation on 

undrained shear strength, test were conducted at 70, 80, 85, 90, 95 and 100% degree of 

saturation of the clay specimen. Test scheme used for assessment of degree of saturation 

as outlined in Table 3.6.  

Table 3.6 Test scheme used for assessment of degree of saturation 

Sample ID Unconfined Compression Test 

LL=45% (DB100:0) Test specimen (soil cake) shear at 70%, 
80%, 85%, 90%, 95%, 100% degree of 
saturation LL=65% (DB90:10) 

LL=26% (DS60:40) 

3.4.4 Thixotropic aging 

Clays with high sensitivity exhibit varied degrees of thixotropic characteristics. Given the 

limited studies performed, the thixotropic behavior of clays and the underlying 

mechanism remain ambiguous, particularly in the experimental study on shear strength 

and compressibility parameters. In this study, clay mixtures of DB100:0, DB90:10 and 
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DS60:40 were used to elucidate the thixotropic process. Reconstituted soil cake was 

prepared from soil slurry applying vertical load ranging from 6.5 kPa to 800 kPa. Prepared 

soil cake was trimmed to retrieve test specimens. Test specimen was prepared for 

unconfined compression, consolidation and direct shear test to evaluate their regain 

strength. Specimen size having diameter of 38 mm and height of 76 mm for unconfined 

compression test and specimen size having diameter of 63.5 mm and height of 20 mm for 

consolidation and direct shear test were prepared. 

Test specimen was wrapped with a plastic bag and preserved at a desiccator in a 

temperature-controlled laboratory. Because constant moisture content is the prime 

requirement for examination of thixotropic aging. Test specimen remained there in 

between the testing periods. The moisture contents were also determined at the end of the 

test program to determine the loss of moisture content. The maximum moisture loss 

during preservation in the desiccator was less than 2% for test specimen. To investigate 

the thixotropic aging, test were conducted at 1, 7, 14, 21, 28, 35 and 42 days after the 

preparation of specimens. The strength regains of soil specimens in the period of 1 to 42d 

due to thixotropy were measured. The unconfined compression test was conducted as per 

D2166 (2016) to measure the shear resistance of specimens. Drained direct shear and 

consolidation tests were conducted as per section 3.4.1 and 3.4.2. Test scheme used for 

assessment of thixotropic aging as outlined in Table 3.7. This study will be beneficial for 

predicting the strength of undisturbed soils. 

Table 3.7 Test scheme used for assessment of thixotropic aging 

1-D Consolidation test Shear strength test Sample ID 

Test specimen (soil 
cake) consolidated at 
25-1600 kPa at 1, 7, 
14, 21, 28, 35, 42 days 

Direct shear test  

Test specimen (soil cake) shear at 100, 
200 and 400 kPa at 1, 7, 14, 21, 28, 35, 
42 days 

LL=45% 
(DB100:0) 

Unconfined compression test LL=65% 
(DB90:10) 

Test specimen (soil cake) shear at 1, 7, 
14, 21, 28, 35, 42 days 

LL=26% 
(DS60:40) 
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(a) (b) (c) 

   
(d)  (e)  (f) 

  
 

(g) (h) (i) 
 

Figure 3.4 Test procedure for this study: (a) #40 Passing Soil (b) Slurry Preparation (c) 
Slurry Insert into Mould (d) Compressed Slurry (e) Prepared Soil Cake (f) 
Specimen for DS & Consolidation Test or (g) Cake Trimming (h) 
Measurement of UC Specimen (i) UC Soil Specimen 
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Chapter 4 

RESULTS AND DISCUSSIONS 

 
4.1 General 

This chapter describes the laboratory investigation results on the soil samples as described 

in Chapter 3. The geotechnical properties of those soil such as angle of internal friction, 

compression index, undrained shear strength and other soil parameters have been 

determined. The results are presented and discussed in the following sections. 

4.2 Effect of clay fraction on liquid limit  

Amount of clay fraction (CF) has a great influence on liquid limit (LL) of soil. The results 

of clay fraction and liquid limit are presented in Figure 4.1. It was observed that liquid 

limit increased with the increasing of clay fraction. The variation was linear. Tiwari and 

Ajmera (2011) was also found linear variation between clay fraction and liquid limit. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Variation of liquid limit with change of clay fraction 
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(c) mixtures of kaolinite with quartz, and (d) three phase mixtures of montmorillonite, 

kaolinite and quartz. For montmorillonite dominated soils having higher liquid limit 

(Figure 4.1) that contain the mixtures of montmorillonite and kaolinite, montmorillonite, 

kaolinite and quartz, and montmorillonite and quartz. Kaolinite dominated soils that 

contain mixtures of kaolinite and quartz.  

Both montmorillonite and kaolinite shown linear variation. The present also shown 

similar variation of the liquid limit with respect to the dominating clay fraction. The 

variation was shown in Figure 4.1. The test result was separated based on the clay fraction 

of the soil mass. Statistical analyses were done for the relating between clay fraction and 

liquid limit. Straight line correlation were obtained from averaging all the tested soils in 

the form LL = a CF +b. The proposed regression had coefficient of determination, R2 

=0.901. The propose equation are shown below where LL and CF represents liquid limit 

and clay fraction respectively: 

LL = 2.528 CF – 0.6964                 13 ≤ CF ≤ 40                       (4.1) 

4.3 Comparison of Physical Properties of UD and RC Clays 

Scanning electron microscopy (SEM) tests were performed on undisturbed and 

reconstituted natural clays under consolidation stresses at 800 kPa to compare the macro-

mechanical behavior and the microstructure. The test results indicate that the variation of 

microstructure changed between reconstituted natural soil and undisturbed soil from same 

clay. 

4.3.1 Scanning electron microscopy (SEM) test 

The undisturbed soils were collected from the selected location of Bangladesh and 

reconstituted clay cake were prepared by applying vertical pressure up to 800 kPa. 

Undisturbed and prepared reconstituted soil specimen from same clays were viewed 

under scanning electron microscopy (SEM) to see the bonding of particles. Figure 4.2a to 

4.2f shows the image of the particles with 2000 times magnification. From images of 

undisturbed clay (Figure 4.2 b, d and f), it was seen that the clay and silt particles were 

flaky in shape. It had numerous skeletal pores in particles. This formation justified the 

existence of skeletal pores defined by Tanaka and Locat (1999). The skeletal pore spaces 

inside the particles had varying diameters but were generally less than 1 μm. 
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(a) Dhaka clay (RC) (b) Dhaka clay (UD) 

  

(c) Narayanganj clay (RC) (d) Narayanganj clay (UD) 

(e) Rajendrapur clay (RC) (f) Rajendrapur clay (UD) 

 

Figure 4.2 SEM images of undisturbed and reconstituted clays consolidated at 800 kPa  
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Figure 4.2(a, c and e) was shown that consolidation stress at 800 kPa did not break down 

the particles although this stress level was much higher than the field overburden stress. 

It should be mentioned that the applied stress at 800 kPa was less than the yield stress. 

Because, higher than the yield stress causes breakage of many particles. This result is 

consistent with the findings of Tanaka and Locat (1999) and Hong et al. (2006).  

From the Figure 4.2, it was shown that bonding between the smaller particles were similar 

in both UD and RC samples which is shown in circle. Variation of bonding was found in 

larger particles. The effects of the field overburden stress on the change of bonding during 

depositional and post depositional processes might be different from those of the 

consolidation stress in laboratory tests. 

4.4 Comparison of Mechanical Properties of UD and RC Clays 

Drained direct shear and one-dimensional consolidation tests were performed on 

undisturbed and reconstituted natural clays to compare the mechanical behavior. The test 

results indicated that the variation of failure envelop and e-logp curve of reconstituted 

natural soils with undisturbed soil. 

4.4.1 Comparison of failure envelop  

Direct shear tests were performed on undisturbed and reconstituted natural clays to 

investigate the shear strength characteristics. All tests were terminated after the sample 

exhibited the peak strength, rather than running them for longer deformation. Since all 

the samples were reconstituted at their respective liquid limits, no brittle failure behavior 

was noted. Figure 4.3a to 4.3c shows comparison of failure envelop both undisturbed and 

reconstituted natual clays specimen. It was seen that the failure envelop of undisturbed 

clays followed similar trend line with reconstituted natural clays.  

For the majority of speimen tested, the fitted shear envelopes had the coefficient of 

determination, R2 >0.97. The dry density of both the undisturbed and reconstituted natural 

clays specimen were almost similar in the range 15.4 to 17.2 kN/m3. It was observed from 

the experiment that the measured values of angle of internal friction of the undisturbed 

and reconstituted clays were close but there was a non-negligible difference. This 

differences are represented by sensitivity.  
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(c) 
Figure 4.3 Comparison of failure envelop between undisturbed and reconstituted natural 

clays : (a) Dhaka Soil (b) Narayanganj Soil (c) Rajendrapur Soil 

The sensitivity values measured in the range 0.92 to 0.97. This measured sensitivity 

values are presented in Table 4.1. 

Table 4.1 Sensitivity values of angle of internal friction 

Sensitivity analysis (angle of internal friction) 
 UD (Degree) RC (Degree) S=UD/RC 

Dhaka clay 24.3 26.3 0.92 
Narayanganj clay 22.3 23.2 0.96 
Rajendrapur clay 16.7 17.3 0.97 

 

4.4.2 Comparison of e-logp curves 

As mentioned earlier, one dimensional oedometer tests were performed to investigate the 

compression characteristics of undisturbed and reconstituted natural clays. The test results 

are illustrated in Figure 4.4a to 4.4c. Similar trend line of e–log p curves were observed 

between undisturbed and reconstituted natural clays specimen. The dry density of both 

the undisturbed and reconstituted natural clays specimen were within the range of 15.5 

kN/m3 to 17.2 kN/m3.  
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(c) 
Figure 4.4 Comparison of e – logp curves of undisturbed and reconstituted natural clays: 

(a) Dhaka Soil (b) Narayanganj Soil (c) Rajendrapur Soil  

It is to be noted that, the vertical pressure applied for soil preparation was such that it 

yielded similar void ratio alike undisturbed samples. The result presented in Figure 4.4 

shown that initial void ratio exhibit almost closer both undisturbed and reconstituted 

natural clay specimen at low effective vertical stresses. The slope of e-log p curve is called 

compression index, Cc. The values of Cc form reconstituted natural clay specimens were 

slightly higher than undisturbed clays. The measured compression curves of undisturbed 

clays coincided very well with the compression curves of reconstituted clays. This 

measured sensitivity values are presented in Table 4.2. The sensitivity values were in the 

range 0.91 to 0.99. Preconsolidation pressure of undisturbed clays were also estimated 

from the plots and are presented in Table 4.3. 

Table 4.2 Sensitivity values of compression index 

Sensitivity analysis (compression index) 
 UD  RC  S=UD/RC 

Dhaka clay 0.15 0.16 0.94 
Narayanganj clay 0.10 0.11 0.91 
Rajendrapur clay 0.238 0.24 0.99 
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Table 4.3 Estimated compression index (Cc) and preconsolidation pressure (pC
′  ) of 

undisturbed clay 

Sample ID Sample Depth (m)           Cc 𝐏𝐂
′  (kPa) 

D100(UD) 6.5 –10.5 0.100 – 0.165 160 - 220 
N100(UD) 6.0 – 9.0 0.093 – 0.118 110 - 190 
R100(UD) 4.0 – 7.0 0.191 – 0.250 240 - 300 

 

4.5 Shear Strength Parameters 

The cohesion (c) and angle of internal friction (ϕ) are the two main shear strength 

parameters required for any geotechnical analysis. Direct shear test was conducted on 

modified clays for the investigation of shear strength parameters. The cohesion (c) 

intercept obtained by determining the angle of internal friction was very small in the range 

of 5 to 25 kPa which was considered as negligible. Automatic data acquisition system 

was used both compression and shear strength test. Majority of soil sample were taken 3 

to 6 mm shear displacement and shearing rate following the procedure outlined in ASTM 

D3080-04, strain rate was applied 0.05mm/min. All tests were terminated after the sample 

exhibited the peak strength. The author approach some correlations between angle of 

internal friction and the index properties of soil including the liquid limit (LL), plasticity 

index (PI), moisture content (w) and clay fraction (CF). 

4.5.1 Effect of liquid limit on angle of internal friction 

Figure 4.5a to 4.5c contain failure envelop curves for reconstituted modified clay. 

Majority of the shear envelopes were linear in nature but few samples exhibited slightly 

curved envelopes. Angle of internal friction were estimated considering all shear 

envelopes were linear in nature. S-3 type clay (Rajendrapur modified clay) soil had little 

higher proportion of clay fraction than other two site. So, S-3 type clay covered a narrow 

band of shear stresses for the same range of normal stresses than other two types (S-1 and 

S-2) of modified clays. Again, as the proportion of clay fraction increased in the soil mass, 

the fully softened shear strength decreased. For the majority of soils tested, the fitted shear 

envelopes had the coefficient of determination, R2=0.978. Since the shear envelopes were 

generally linear or slightly curved in nature, the difference between the average friction 

angle and the secant friction angle was negligible. As a result, the authors decided to use 

the average friction angle derived from the linear regression equations obtained from each 

shear envelope.  
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   (c) 
 

 Figure 4.5 Variation of failure envelop of modified clays : (a) S-1 type clay (b) S-2 
type clay (c) S-3 type clay 

The angle of internal friction of modified clays was measured from failure envelop curves 

as presented in Figure 4.5. According to the test results, the estimated angle of internal 

friction are plotted with liquid limit in Figure 4.6. The variation of angle of internal 

friction with liquid limit were curvilinear. The results was the good agreement with the 

literature of Tiwari and Ajmera (2011). The samples were grouped according to their 

mineral compositions. Statistical analyses were done for the relating between fractional 

angle and liquid limit. Equation were proposed for finding angle of internal friction from 

liquid limit. Curvilinear correlation were obtained from averaging all the soils in the form 

of ϕ = a LL2 + b LL + c. The regression equation had a co-efficient of determination, 

R2=0.846. The proposed correlation equation was found to lie in between the boundaries 

of frictional angle of modified clays. The propose equation are shown below where ϕ  and 

LL represents friction angle and liquid limit respectively: 

ϕ = 0.017LL2 − 0.4373LL + 38.127          26 ≤ LL ≤ 120                 (4.2) 
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Figure 4.6 Variation of angle of internal friction with liquid limit of modified clays 

4.5.2 Effect of plasticity index on angle of internal friction 

Figure 4.7 plots between angle of internal friction and plasticity index. The increasing 

plasticity leads to a reduction of peck friction angle. The angle of internal friction 

exhibited better correlations with the plasticity index than the liquid limit.  

Figure 4.7 Variation of angle of internal friction with  plasticity index of modified clays 
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The increasing plasticity was often due to the increasing clay fraction. Figure 4.7 indicates 

that plasticity index of the reconstituted clays was in good agreement as presented in the 

literature of Gibson (1953) and Tiwari and Ajmera (2011). The plasticity index was also 

utilized to develop a correlation to estimate the angle of friction. The equation had the 

coefficient of regression above 0.8306. The proposed correlation equation was found to 

lie in between the boundaries of frictional angle of modified clays. The propose equation 

are shown below where ϕ and PI represents friction angle and plasticity index 

respectively: 

  ϕ = 0.0035PI2 − 0.5562PI + 31.252              13 ≤ PI ≤ 60                (4.3) 

4.5.3 Effect of clay fraction on angle of internal friction 

Tiwari and Ajmera (2011) conducted direct shear tests to investigate the shear strength 

characteristics of different mixtures of montmorillonite-kaolinite- quartz clays. The test 

results revealed that angle of internal friction were varied based on dominating clay 

minerals.  The variation was curvilinear. Wong and Ong (2015) conducted CIU triaxial 

test on Malaysian kaolinite silts. The test results found that friction angle decreased 

linearly with the increasing of clay content. In this study, the variation of angle of internal 

friction with clay content are plotted in Figure 4.8. The present investigation revealed that 

angle of internal friction and clay content followed curvilinear path as suggested by 

Tiwari and Ajmera (2011). 

Figure 4.8 Variation of friction angle with clay fraction of modified clays 
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Correlation between angle of internal friction and clay fraction were proposed. Equation 

4.4 were used to estimate friction angle from clay fraction. The developed correlations 

were presented having coefficient of regression values above 0.83. The boundary of the 

regression equation defined by the test results of friction angle of modified clays varied 

significantly. For example, considering the clay mineral content of 40%, according to the 

regression equations, the friction angle of mixtures was approximately 12.3°, which was 

almost 3.70 higher than S-1 type clay and almost 3.30 lower than S-3 type clay. Therefore, 

generalization of the correlation for all clay content with the friction angle was proposed. 

The angle of internal friction exhibited scattered relations with the clay fraction than 

plasticity index and liquid limit. The propose equation are shown below where ϕ  and CF 

represents friction angle and clay fraction respectively: 

ϕ = 0.0052CF2 − 0.7699CF + 34.767              13 ≤ CF ≤ 40              (4.4) 

4.5.4 Effect of moisture content on angle of internal friction 

Gibson (1953) conducted drained shear test on remoulded and undisturbed London clays. 

Test results found that remoulded friction angle decreased with the increasing of moisture 

content. The variation were curvilinear. The fully softened friction angles were plotted 

against the respective moisture content for each soil specimen as shown in Figure 4.9. 

The fully softened friction angle exhibited very small variation correlations with the 

moisture content than liquid limit and plasticity index.  

The test result was found that value of friction angle decreased slightly with increasing of 

moisture content. Figure 4.1 contains with increasing clay fraction (adding bentonite), 

moisture content was also increased as a result angle of friction was decreased. Although 

it was possible to generalize the relationship between the fully softened friction angle and 

the moisture content. Equation 4.5 contains the variation of fully softened friction angle 

with moisture content.  The coefficient of determination of regression was 0.9158. This 

regression showed significantly higher regression coefficients than those suggested in 

Equation 4.2, 4.3 and 4.4. These proposed correlations are considerably better than those 

available in the literature including Gibson (1953). The propose equation are shown 

below where ϕ  and w represents friction angle and water content respectively: 

ϕ = 0.0063w2 − 0.901w + 41.513        16 ≤ w ≤ 63                (4.5) 
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Figure 4.9 Variation of friction angle with moisture content of modified clays 

4.6 Compressibility Parameters  

From the literature review, number of correlation equations between compression index 

and index properties of undisturbed clay are proposed by different researcher to estimate 

the compression index. Majority of correlations of compression index are related with 

liquid limit, natural moisture content, and initial void ratio etc. In this study, modified 

clays were used to assess the compressibility characteristics. 

4.6.1 Effect of liquid limit on compression index 

The e − log p plots of reconstituted modified clay are shown in Figure 4.10a to 4.10c. 

The results showed that irrespective of the liquid limit of soil, all soil specimens exhibited 

similar nature of e-logp curves. All e − log p plots converge at the effective vertical stress 

of approximately 1600 kPa. The test results showed that S-3 type clay having higher clay 

fraction had initial void ratio than other type of clays. Higher clay fraction might generate 

higher swelling potential at low effective stress. Higher swelling potential increased initial 

void ratio. But at higher effective vertical stress, void ratio of clays were covered a narrow 

band. 

10 30 50 70 90

0

10

20

30

40
A

ng
le

 o
f I

nt
er

na
l  

Fr
ic

tio
n 

(D
eg

re
e)

Moisture Content, (%)

Remoulded London Clay, (Gibson, 1953)

Previous Investigation 

Experimental Result 

S-1 
S-2 
S-3 
Present Study 
 



  

62 
 

 

 

(a)  

 

(b)  

10 100 1000 10000

0.2

0.6

1

1.4

1.8

0.2

0.6

1.0

1.4

1.8

10 100 1000 10000

Vo
id

 R
at

io
, e

Effective Vertcal Stress, (kPa)

NB100:0
NB90:10
NB80:20
NB70:30
NS75:25
NS60:40

10 100 1000 10000

0.2

0.6

1

1.4

1.8

0.2

0.6

1.0

1.4

1.8

10 100 1000 10000

Vo
id

 R
at

io
, e

Effective Vertcal Stress, (kPa)

DB100:0
DB90:10
DB80:20
DB70:30
DS75:25
DS60:40



  

63 
 

 

(c)  
 

Figure 4.10 e – logp curves of modified clays : (a) S-1 type clay (b) S-2 type clay (c)        
.                   S-3 type clay 

Figure 4.10 shows e – logp curve of modified clays. Compression indices of modified 

clays were estimated from Figure 4.10. The measured compression index were plotted 

with liquid limit as shown in Figure 4.11. Figure 4.11 depicts the values of Cc increased 

with the rise in the proportion of bentonite and Cc decreased with the increase in the 

proportion of sand. Figure 4.11 indicates that compression indices curve of undisturbed 

soil as presented in the literature were in good agreement with the compression indices 

determined in reconstituted test specimen. It is observed that the presence of sand and 

bentonite made the plot slightly scattered. Correlation equation was proposed to 

determine compression index from liquid limit. The coefficient of determination, R2, for 

Equation 4.6 was 0.9467. These proposed correlation are considerably good agreement 

with available in the literature including Skempton (1944), Cozzolino (1961), Azzouz et 

al. (1967) and Terzaghi and Peck (1967). Regression equation to estimate the compression 

index were determined and presented below where Cc and LL represents compression 

index and liquid limit respectively: 

Cc = 0.007 (LL − 12.9)                                21 ≤ LL ≤ 120              (4.6) 
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Figure 4.11 Variation of compression indices with liquid limit of modified clays 

4.6.2 Effect of moisture content on compression index  

Figure 4.12 depicts compression index plotted against the respective moisture contents 

for each soil specimen. The present study had shown a linear relationship between 

compression index and moisture content at lower moisture content (up to a maximum 

value of 40%). This agreed with the findings of Azzouz et al. (1976).  At higher moisture 

content (Above value of 40%), the relationship between moisture content and 

compression index was nonlinear and this trend agreed with the findings of Peck and Reed 

(1954). Statistical analyses were done for the relating between fractional angle and 

moisture content. Equation were proposed for finding angle of internal friction from 

moisture content. Curvilinear correlation were obtained from averaging all the soils in the 

form of ϕ = a LL2 + b LL + c. The coefficient of determination, R2, for Equation 4.7 was 

0.965. The proposed equation are shown below where Cc and w represents compression 

index and water content respectively: 

Cc = 0.0002w2 − 0.002w + 0.105        16 ≤ w ≤ 63                  (4.7) 
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Figure 4.12 Variation of compression indices with moisture content of modified clays 

4.6.3 Effect of initial void ratio on compression index  

In the present study, compression index is a widely used parameter in the literature that 

is related well with initial void ratio of undisturbed soil. Figure 4.13 depicts the variation 

of compression indices of reconstituted modified clay with respect to the initial void ratio. 

The test result shown that compression indices varied linearly with the increasing of initial 

void ratio. The correlation equation was proposed. The coefficient of determination, R2, 

for Equation 4.8 was 0.916. The proposed correlation in this study were significantly 

closer with the findings of other researchers including Nishida (1956), Sowers (1970) and 

Cozzolino (1961). The proposed correlations had consistency with the result of liquid 

limit. Some scatter result of compression indices data were found based on the mixture of 

sand and bentonite with dominating clay.  The proposed equation are shown below where 

Cc and eo represents compression index and initial void ratio respectively: 

Cc = 0.6999 (eo − 0.3179)                                  0.48 ≤ eo ≤ 1.23            (4.8) 
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Figure 4.13 Variation of compression indices with initial void ratio of modified clays 

4.7 Assessment of Degree of Saturation on Undrained Shear Strength   

Yoshida et al. (1991) studied on disturbed soil sample from six different sites. The test 

results was found that the manner of decrease in the deviator stress with the increasing 

degree of saturation is not always the same but appears to depend on the soil type and the 

density of the sample. To prepare the same density sample, reconstituted soil slurry was 

consolidated at vertical stress 800 kPa. After preparing the specimen of different liquid 

limit, the undrained compression test were carried out to investigate the effect of degree 

of saturation on undrained shear strength. Figure 4.14a to 4.14c shows the test results of 

three different liquid limit sample with a varying degree of saturation from 70% to 100%. 

The deviator stress was larger for the all samples having less degree of saturation. The 

remarkable difference of shear strength were observed for the change of degree of 

saturation from 85% to 100%. But change of shear strength with degree of saturation was 

small clay having liquid limit 26% (DS60:40). The result was found that test specimen 

strength curve became brittle in nature with the decreasing of saturation. The failure was 

determined by the stress condition causing an axial strain of 8 mm to 12 mm.   
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(c)  

Figure 4.14 Variation of undrained shear strength curves at different degree of                    
saturation of clay: a. LL=45% (DB100:0) b. LL=26% (DS60:40) c. 
LL=65% (DB90:10) 

For saturated cohesive soil, the deviator stress at failure, qf
  and shear strength is su = qf/2 

in unconfined compression test. The shear strength measured from the deviator stress at 

failure as shown in Figure 4.14. The undrained shear strength obtained for the three clay 

types was plotted versus the degree of saturation in Figure 4.15.  

Figure 4.15 Relationship between undrained shear strength and degree of saturation of 
clays 
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From the test result, it was found that soil having liquid limit 26% had less effect on 

saturation. The shear strength difference of liquid limit 45% (DB100:0) type clay were 

3.62 times for only change of degree of saturation 100% to 95%. It was noticed that shear 

strength trend to sharply increased with decreasing degree of saturation. This was 

consistent with the finding of Yoshida et al. (1991). Again, soil having liquid limit 65% 

(DB90:10) had less effect on shear strength than soil having liquid limit around 45%. The 

undrained shear strength obtained for the three clay types was plotted versus the liquid 

limit in Figure 4.16. From the Figure 4.16, it was shown that undrained shear strength 

tends to increase with the decreasing of saturation. The shear strength increased sharply 

clay having liquid limit 45% than other clays. The holding of moisture content depends 

on amount clay present in the soil. At higher liquid limit > 60%, shear strength increased 

slowly with the decreasing of saturation.  

Figure 4.16 Relationship between undrained shear strength and liquid limit of clays 

Skempton and Northey (1952) proposed remoulded shear strength with liquidity index 

variation curve for four clays. The test result shown that the remoulded strength was 

depended only on the liquidity index. Attempt had been made to establish the variation of 

undrained shear strength versus liquidity index curves. The result plotted in Figure 4.17. 

The test result was shown that liquidity index and shear strength curve made a band of 
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liquid limit 26.5% to 62.5% which was consistence with the finding of Skempton and 

Northey (1952).  

 

    Figure 4.17 Relationship between undrained shear strength and liquidity index of clays 

4.8 Thixotropic Aging 

The process where clay particle gained strength over period of time at constant moisture 

content is described as thixotropic aging (Mitchell 1960). In this study, thixotropic aging 

was investigated by unconfined compression (UC), drained direct shear (DDS) and one 

dimensional consolidation tests. Unconfined compression (UC) and direct shear (DS) test 

were conducted to find the amount of strength recovery achieved during passing of time. 

Consolidation tests were conducted to investigate the effect of thixotropic aging on 

compression index. 

4.8.1 Thixotropic aging obtained from UC test 

In this paper, thixotropic strength recovery was evaluated in terms of thixotropic strength 

ratio, using the results of the unconfined compression test. A total of twenty one (21) UC 

tests were conducted, which included three type of clays. The strength readings were 

taken at seven different times.  Figure 4.18a to 4.18c depicts deviator stress and axial 

strain diagram for three types of clay. All the specimens follow similar trends line.   
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Figure 4.18 Variation of deviator stress and axial strain diagram of clays: a. LL=45% 
(DB100:0) b. LL=26% (DS60:40) c. LL=65% (DB90:10) 

The test result shown that two factors were responsible to increase the shear strength 

namely proportion of clay and elapsed time. The undrained shear strength measured from 

the experimental results showed in Figure 4.18. The graph between undrained shear 

strength ratio (the ratio of strength gained above the initial strength (strength 

corresponding to zero aging time)) versus elapsed time is plotted in Figure 4.19. Figure 

4.19 revealed that undrained shear strength recovery were very quick for soil having 

liquid limit 65% compared to other two clays. It was observed that the thixotropic strength 

ratio increased (up to 1.59, 2.14 and 2.74 for soil having liquid limit 26, 45 and 65% 

respectively) with passes of time at constant moisture content. Thixotropic strength ratio 

solely depend on clay fraction present on the mixture. In this study, soil had clay fraction 

in range of 13, 22 and 32% respectively. Hence, thixotropic strength recovery was more 

soil having clay fraction 32 (DB90:10) % than other samples. Shahriar et al. (2018) 

studied on thixotropic strength ratio increased with the increasing of activity. Activity as 

the ratio of plasticity index to the clay fraction However, Figure 4.19 depicts the slope of 

the plots were steeper in between 1 to 28 days, gradually the slope became horizontal after 

passing in between 28 to 35 days.   
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Figure 4.19 Relationship between thixotropic strength ratio and elapsed time of clays 

4.8.2 Thixotropic aging obtained from DS test 

Shear strength of the test specimens were also measured using direct shear tests. In this 

study, 0.05 mm/min strain rate were adopted to conduct the experiment. All tests were 

terminated after the sample exhibited the peak strength, rather than running them for 

longer deformation. Since all the samples were reconstituted at their respective liquid 

limits, no brittle failure behavior was noted. Figure 4.20a to 4.20c shows the variation of 

failure envelop curves of different clay mixture at different time interval. The majority of 

the shear envelopes were linear but few samples exhibit slightly curved envelopes. As a 

result, best fit linear curves were taken for determining angle of friction from each shear 

envelope. The cohesion intercept obtained by calculating the friction angle was very less, 

which was considered as negligible. Figure 4.20 showed that the shear envelopes for three 

type soil sample, these shear envelopes covered a narrow band of shear stresses for the 

same range of normal stresses. For the majority of soils tested, the fitted shear envelopes 

had the coefficient of determination, R2>0.96. When Figure 4.20(a) to 4.20(c) was 

compared based on clay fraction, it was observed that as the clay friction changes from 

22 to 32%, the strength envelop covered a narrow band in similar interval of time. At clay 

friction below 22%, strength envelop covered a wider band. It was indicated that friction 

angle decreased with increasing of clay fraction. 
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(c)  
 

Figure 4.20 Variation of failure envelop curves of clays at different interval of time: a. 
LL=45% (DB100:0) b. LL=26% (DS60:40) c. LL=65% (DB90:10) 

The average friction angle derived from the linear shear envelop as shown in Figure 4.20. 

Figure 4.21 shows the variation of thixotropic strength ratios (the ratio of angle of internal 

friction gained above the initial angle of internal friction (angle of internal friction 

corresponding to zero aging time)) with elapsed time of clays. The variation of thixotropic 

strength recovery was almost linear when the aging periods are 1 day to 21 days but the 

trend line of thixotropic strength recovery became sharply increased. Smaller variation of 

thixotropic strength recovery was found soil having liquid limit 45%.The test result found 

that thixotropic strength ratio were increase up to 1.18, 1.08, and 1.35 soil having liquid 

limit 26, 43 and 65% respectively. Unconfined compression test provided higher 

thixotropic strength ratio than direct shear test. It might be attributed to the sample being 

disturbed during the insertion of the direct shear box and adoption of shear strain rate. 

The direct shear test revealed a maximum thixotropic strength ratio of 1.35 for clay 

sample having liquid limit of 65%. It was 2.74 for the unconfined compression test. 

However, the direct shear and unconfined compression tests provided similar results.   
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Figure 4.21 Relationship between thixotropic strength (angle of Friction) ratio and                          

.                     elapsed time of clays 

4.8.3 Thixotropic aging obtained from consolidation tests 

Shahriar et al. (2018) observed that remolded vertical yield stress of aged was higher than 

remolded vertical yield stress of unaged. The bilogarithmic method, which is the plot of 

log (1 + e) versus log p, can represent the inverted S-shape of the e-log p curve by two 

straight lines; the intersecting point is the vertical yield stress (Hong, 2007). Thixotropic 

aging is associated with particle orientation and bond development between particles 

which eventually increase of vertical yield stress in aged samples. The yield stress 

increases with the increasing order of liquid limits.  This vertical yield stress is associated 

with the slope of the curve.  The slope of e-logp curves is called compression index, Cc. 

In the subsequent discussions, compression index of aged samples will be denoted as Cc 

(aged) and that of unaged samples will be denoted as Cc (unaged). Figure 4.22 is representation 

of e-logp curves of clays at different time interval. Furthermore, all lines converge at the 

effective vertical stress of approximately1600 kPa. These shear e-logp curves covered a 

narrow band for the same range of vertical stresses. The test results showed that soil 

having higher clay fraction had initial void ratio than other type of soils. Higher clay 

fraction might form higher swelling potential at low effective stress. Higher swelling 

potential increased initial void ratio.   
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(c)  

Figure 4.22 Variation of e-logp curves of clay at different interval of time: a. LL=45% 

(DB100:0) b. LL=26% (DS60:40) c. LL=65% (DB90:10)                                             

Compression index were measured from the Figure 4.22. The test result shown that 

compression index, Cc which was increasing as time passed. Figure 4.23 shows the 

changes of Cc was called thixotropic compression ratio (the ratio of compression index 

gained above the initial compression index (compression index corresponding to zero 

aging time)) with elapsed time of clays. The thixotropic compression ratio was increased 

up to 1.28, 1.38, and 1.53 for soil having liquid limit 26, 43 and 65% respectively. It is 

observed that Cc (aged) > Cc (unaged). Compression index during thixotropic aging depend on 

clay fraction present on the mixture. This was consistent with the finding of Shahriar et 

al. (2018). In addition, it seemed that at low effective vertical stress, the void ratio 

corresponding to an aged sample was higher than that of the unaged sample soil having 

higher liquid limit (65%), indicating that the sample might have swelled during the 

thixotropic aging period. Thus, the beneficial effect of structuration during thixotropic 

aging is substantial, and it has a significant impact on the 1-D compression behavior of 

clay under low consolidation pressure.  
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Figure 4.23 Relationship between thixotropic compression (compression index) ratio and 
elapsed time of clays 

4.8.4 Effect of plasticity index on thixotropic strength ratio 

Figure 4.24 shows the unconfined compression test results of a comparison of the 

thixotropic strength ratio with the plasticity index for seven aging periods (1, 7, 14, 21, 

28, 35 and 42 days). The thixotropic strength ratio obtained from direct shear test were 

smaller than UC test. The test result shown that thixotropic strength recovery was higher 

values for soil having higher plasticity index. The plot indicated that a proportional 

relationship exists between thixotropic strength ratio and plasticity index. Additionally, 

aging has the effect of increasing the rate of strength gains. Yang and Andersen (2016) 

observed the trend of thixotropic strength ratio increasing with the increase of the 

plasticity index for marine clays. Shahriar et al. (2018) studied thixotropic strength ratio 

increasing with the increase of the plasticity index for two aging periods (1 day and 8 

days) at a moisture content of 0.75 times of liquid limit. 

The plasticity index of clays is a function of clay fraction, which in turn is related to 

activity. From aforementioned discussions, it was established that the ratio of thixotropic 

strength increases with an increase in activity. Hence, the relationship between the 

thixotropic strength ratio and the plasticity index easily follows.   
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Figure 4.24 Relationship between thixotropic strength ratio and plasticity index of clays 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

 
5.1 General 

The main objective of this study was to investigate the shear strength and compressibility 

characteristics of reconstituted soil. The effect of degree of saturation and thixotropic 

aging were also studied. The conclusion and recommendations for future study are listed 

as under in the following sections. 

5.2 Conclusions 

The following conclusions can be drawn from the present study:  

(1) The measured values of friction angle of the undisturbed and reconstituted clays were 

close but there was a non-negligible difference. This differences were represented by 

sensitivity. The sensitivity value was measured in the range 0.92 to 0.97.  

(2) The measured compression curves of undisturbed clays coincided very well with the 

compression curves of reconstituted clays. The sensitivity values was in the range 

0.91 to 0.99.  

(3) The friction angle was more closely related to liquid limit, plasticity index, moisture 

content than clay fraction. Correlation equations were proposed and expressed as 

Equation 4.2, 4.3, 4.4 and 4.5.  

(4) The compression index (Cc) related better with the liquid limit and initial void ratio. 

Wide variation was seen with the moisture content. Correlation equations were 

proposed and expressed as Equation 4.6, 4.7 and 4.8. 

 (5) Undrained shear strength of soil increased with decreasing saturation for soil having 

liquid limit above 40%. Soil having liquid limit below 25%, effect of saturation on 

undrained shear strength was insignificant.  

(6) The thixotropic aging of soil was found to be 28 to 35 days for soil having liquid limit 

above 40%. Soil having liquid limit below 25%, the thixotropic strength recovery of 

soil was small. 

5.3 Suggestions for Future Studies 

The main objective of this present research was to investigate the shear strength and  
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compressibility behavior of reconstituted clays. During the study, it was felt that the 

following studies may also be conducted: 

(a) In present study, a maximum vertical stress of 800 kPa was used for preparation of 

soil cake. A further research can be carried out using larger vertical stress.  

(b) A further research can be carried out to investigate the swelling potential and other 

parameter of reconstituted clays.  

(c) A comparative study can be made by performing compaction test in laboratory for 

preparation of soil cake and make a comparison among shear strength and 

compressibility parameters. 
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